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Abstract 

Solid-state nuclear magnetic resonance (NMR) is a widely-implemented technique in 

materials chemistry, where it offers invaluable insight. Many solids NMR experiments, however, 

are challenged by low sensitivity and poor resolution. The majority of NMR-active nuclei are 

quadrupolar; species with spin numbers I>1/2, for which the quadrupolar interaction is usually 

dominant and greatly challenges the application of solid-state NMR. The work carried out during 

my PhD focused on the design of novel NMR experiments to improve the accessibility and 

information available from solids NMR ïforemost for these unreceptive quadrupolar and spin-1/2 

nuclei.   

As part of this goal, I designed a novel 2D static correlation experiment termed 

Quadrupolar Isotope Correlation Spectroscopy (QUICSY), applicable to strongly-coupled 

quadrupolar nuclei, which are often inaccessible to techniques relying on magic-angle-spinning 

(MAS). Analytical calculations showed both the complexity and rich information content of these 

2D QUICSY experiments, which correlate pairs of NMR-active isotopes for a given element in 

the lattice. Experimental results validated the ability of 2D QUICSY experiments to extract 

information about the size and relative orientations of the NMR interaction tensors. This project is 

summarized in Chapter 2.  

In a separate study, I explored new ways to enhance the sensitivity by testing the potential 

of steady-state free precession (SSFP), a sequence known to provide optimal SNR per unit time in 

clinical MRI, but that has not been utilized in solids NMR. We explored SSFP in the realm of 

quadrupolar NMR on static and spinning samples. We found the relative merits and SNR increases 

of SSFP vs optimized Carr-Purcell Meiboom-Gill (CPMG) acquisitions, both by simulations and 

experiments on a variety of quadrupolar central transitions (CT). These results are summarized in 

Chapter 3.  

Additional work demonstrated the possibility of indirectly detecting the satellite-transitions 

(ST) of unreceptive quadrupolar nuclei at natural abundance with Progressive Saturation of Proton 

Reservoir (PROSPR), a novel method to enhance the sensitivity of dilute nuclei in solids under 

static conditions.  We established ST-PROSPR as a powerful approach to characterize motional 

averaging, follow changes occurring during a phase-transition, and acquire MHz-wide ST spectra 

at a single transmitter frequency with much greater ease than was hitherto possible. The results of 

this work, are summarized in Chapter 4.  
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Finally, triggered by the dipolar-order-based principles on which PROSPR operates, 

Chapter 5 explores dipolar-order under MAS. Here I show that, unexpectedly, cross polarization 

(CP) can be implemented under MAS for sensitivity enhancement of dilute insensitive nuclei, by 

drawing from the residual dipolar coupling remaining in the proton ensemble under MAS. I 

examine the experimental results with a series of analytical and numerical investigations that 

match the experiments, and discuss the potential advantages and disadvantages of the ensuing 

dipolar-order-based methods compared to common Hartman-Hahn (HH) CPMAS.    

The Thesis concludes with an Outlook chapter, where I discuss the merits of each of the new 

experiments I developed during my PhD, as well as their overall placing in contemporary solids 

NMR. 
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1 Introduction  

Solid-state Nuclear Magnetic Resonance (NMR) provides unique quantitative insight into the 

local chemical, structural and dynamic properties of materials, and as such is an invaluable 

technique to study structure-function relations in a myriad of materials, pharmaceutical and 

biological systems1ï3.  This chapter will initially present in short the classical description of NMR 

spectroscopy, and later the quantum mechanical basis of solid-state NMR spectroscopy. The main 

interactions that govern solid-state spectra and are pertinent to this thesis will be described, as well 

as the density matrix formalism and average Hamiltonian theory (AHT). We will conclude with 

contemporary methods to increase the resolution and sensitivity of solids NMR experiments, and 

which the work in this Dissertation relies upon.  

 

1.1 Classical Description of NMR Spectroscopy:  

Many of the basic features of NMR and MRI of spin-1/2 can be described within a classical, 

non-quantum framework4,5. In the classical description of NMR, nuclear spins are viewed as small 

magnets and the equation of motion that describes their behavior under an external field  ὄ is: 

‎‘ ὄ                                                                                                                                 (1.1) 

Where ‘ is a magnetic moment and ‎ is the gyromagnetic ratio.  

It can also be written in terms of the bulk magnetization ὓ:  

‎ὓ ὄ                                                                                                                             (1.2) 

In case of a static magnetic field ὄ pointing in the z direction, we get the Bloch equations without 

relaxation, with the solution:  

ὓᴆὸ

ὓ πÃÏÓ‫ὸ ὓ πÓÉÎ‫ὸ

ὓ πÃÏÓ‫ὸ ὓ πÓÉÎ‫ὸ

ὓ

                                                                         (1.3) 

Which describes precession around ὄ with the Larmor frequency ‫ ‎ὄ. ὓ π and ὓ π 

are the values at t=0, and ὓ  is a constant. 

The addition of phenomenological relaxation with the constants T1 and T2, that describe 

the longitudinal and transverse decay, respectively, leads to the following time-dependence:  

‎ὓ ὄ ὓ ὓ ᾀǶ ὓὼ ὓώ .O 
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ὓᴆὸ

ὓ πÃÏÓ‫ὸ ὓ πÓÉÎ‫ὸ ÅØÐ ὸȾὝς

ὓ πÃÏÓ‫ὸ ὓ πÓÉÎ‫ὸ ÅØÐ ὸȾὝς 

ὓ πÅØÐὸȾὝρ ὓ ρ ÅØÐὸȾὝρ

                                                              (1.4) 

This is a more realistic description of experiments, and we see that the equilibrium value of M at 

large times is 0 for the transverse magnetization and ὓ  for the longitudinal magnetization. 

A transition to a rotating frame (RoF) of reference, that rotates around ὄᴆ (ᾀǶ axis) with the 

frequency of the applied RF field in the lab frame, is extremely useful in NMR. The Bloch ‫ 

equations in the RoF take the form:  

‎ὓ ὄ ὓ ὓ ᾀǶᴂ ὓὼᴂ ὓ ώᴂ                                                                          

(1.5) 

Where ὄᴆ  is: 

ὄᴆ ὄ ᾀǶᴂ ὄὼᴂ                                                                                                          (1.6) 

In the transition to the RoF we have assumed that the RF field ὄ appears constant, in our case 

along the ὼᴂ ÁØÉÓ of the so-called Bloch sphere.  

When the RF frequency matches the Larmor frequency, i.e., ‫ ‫ , the irradiation is said to be 

on-resonance. In that case, ὄ π and there is only precession about the ὼ axis, at a nutation 

(Rabi) frequency ‫ ‎ὄ. This describes a simple nutation experiment, which for an RF of 

duration t will impart a flip -angle to the spins ɝ— ‎ὄ†. When the irradiation is off-resonance, 

ɱ ‫ .the effective field is larger but the maximum flip angle is smaller ,‫  

Typically, the RF pulses are short enough so that we can neglect relaxation during their application. 

The free evolution after an RF pulse can be described by: 

ὓὸ

ὓ πÃÏÓɱὸ ὓ πÓÉÎɱὸ ÅØÐ ὸȾὝς

ὓ πÃÏÓɱὸ ὓ πÓÉÎɱὸ ÅØÐ ὸȾὝς 

ὓ πÅØÐὸȾὝρ ὓ ρ ÅØÐὸȾὝρ

                                                         (1.7) 

Notice that when the irradiation is on-resonance, a smooth exponential decay is expected upon 

excitation; whereas off-resonance, an oscillatory decay occurs.  

The Bloch equations were extended to include chemical exchange as the Bloch-McConnell 

equations. For the transverse components of the classical magnetization, this is:6  

ὡ ὑὓ                                                                                                                       (1.8) 
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Here W is a diagonal matrix containing the resonance frequencies and T2 relaxation effects, and K 

is an exchange matrix. Ignoring relaxation and for a two-site exchange at a rate k between species 

A and B, these matrices are: ὡ
Ὥ‫ π
π Ὥ‫

 and ὑ
Ὧ Ὧ
Ὧ Ὧ

 

Chapter 3 of this thesis uses Bloch simulations to gain insight about the steady-state free-

precession (SSFP) sequence in solid-state NMR, and Chapter 4 uses the Bloch-McConnel 

equations to characterize dynamics. 

 

1.2 Quantum Mechanical Description of NMR Spectroscopy: Interaction Hamiltonian s and 

the Density Matrix 

In many cases, especially in solid-state NMR, a classical description doesnôt suffice and a 

quantum mechanical description is necessary to describe NMR experiments and their dynamics. 

To do so we start from the fact that the nuclear spin, I, is an intrinsic property of each isotope, and 

is the total angular momentum of the ground state7,8. The nuclear spin gives rise to a nuclear 

magnetic dipole moment: 

‘ᴆ ‎ᴐὍᴆ                                                                                                                                      (1.9) 

The fate of a spin ensemble will be given by a series of unitary evolution Hamiltonians and 

non-unitary relaxation and exchange superoperators. In the presence of a large static magnetic 

field, ὄ
π
π
ὄ

, the Zeeman interaction will be the largest and most dominant of all effects. This 

will apply to all cases considered here; its Hamiltonian is given by: 

Ὄ ‘ᴆẗὄ ‎Ὅὄ ‫Ὅ                                                                                                    (1.10) 

where the Zeeman Hamiltonian ïlike all interactions here consideredï is defined in frequency 

units. The eigenbasis of Ὄ  is the Zeeman eigenbasis, and it is described by the eigenstates of the 

Ὅ operator. In the bra-ket notation they are written as ȿὍȟάἃ, where: 

ὍȿὍȟάἃ άȿὍȟάἃ                                                                                                                  (1.11)  

Here I is the total spin of the nuclei, and the quantum number ά , or the projection of the nuclear 

spin angular momentum along the z quantization axis, takes values from  Ὅ to Ὅ. This leads to 

ςὍ ρ non-degenerate states in the Zeeman basis set.    

While the Zeeman interaction enables and dominates NMR, the unique structural 

information of NMR spectroscopy is derived from the other spin interactions: quadrupolar, 
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chemical shift, dipolar coupling and J-coupling interactions4,9.  These are all ïbut foremost the 

first three of them, which are the ones that dominate solids NMRï anisotropic interactions. The 

NMR spectra of solids can thus be conveniently described in terms of irreducible spherical 

tensors, by a product of spatial and spin spherical tensors10:  

Ὄ ὅВ В ρ ὃȟὝȟ                                                                                         (1.12) 

ὅ is a constant defining the strength interaction of the interaction l = quadrupolar, shift, etc; ὃ  

are the elements of a spherical tensor of rank ὰ describing the Hamiltonianôs spatial-dependence, 

and Ὕ  are the elements of a spherical tensor operator of rank ὰ describing the Hamiltonianôs 

spin dynamics. By writing the Hamiltonians in this form, the spatial and spin dynamics are dealt 

with separately, and the numerous mechanical and spin-space rotations happening in an NMR 

experiment, can be visualized better.  Note that in the principal axis system (PAS) of the 

interaction, each tensor can be diagonalized and is characterized by its three principal values:  

ὃ ȟὃ ȟὃ .  

In high-field NMR, where the Zeeman Hamiltonian dominates, the internal interactions are 

treated as a perturbation to the Zeeman Hamiltonian. This is known as Zeeman ñtruncationò or the 

ñsecular approximationò, and to first-order results in the retention of only those spin operators 

which commute with  Ὅ. In the spherical tensor description, it means that only the operators with 

m=0 are retained, since they obey the commutation relationship: ὍȟὝȟ άὝȟ . Hence, the 

secular Hamiltonian follows the form4,11:  

Ὄ ὅ ὃ Ὕ ὃ Ὕ                                                                                                  (1.13) 

In cases where the Cartesian tensor is symmetric and traceless, such as for the quadrupolar and 

dipolar interactions, only the second rank tensor contributes to the Hamiltonian. Additionally, the 

antisymmetric first rank part can generally be neglected and thus was not included in equation 

1.1311.  Note finally that the l = quadrupolar interaction typically requires a second-order 

correction, as discussed separately below.  In the following, we discuss each interaction separately.  
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1.2.1 The Quadrupolar Interaction   

Quadrupolar nuclei, characterized 

by nuclear spin numbers I>1/2, comprise 

more than two thirds of the NMR-active 

nuclei (Figure 1.1). Quadrupolar nuclides 

are prevalent in many crystalline and 

disordered inorganic materials1,12 including 

biominerals, glasses, ceramics, battery 

materials and solid-electrolytes, as well as 

in most reactive groups in biochemical events.  

This makes their study by solid-state NMR a 

leading topic of development and a widely 

used tool in material, chemical and 

biophysical studies.  

   Quadrupolar nuclei are named after 

their electric quadrupole moment Q, a second 

rank tensor that interacts with the electric field 

gradient (EFG), arising from asymmetries in 

the charge distributions of their surrounding 

environment13,14. The quadrupolar interaction 

can dominate the solid-state NMR line shapes and cause significant broadening of the spectral 

peaks extending up to several MHz, which in turn complicates both the acquisition and 

interpretation of the solid NMR spectra. On the other hand, the quadrupolar coupling parameters 

can provide a wealth of structural information15. Quadrupolar species were a main target of the 

present Thesis. 

The quadrupolar interaction introduces, via the action of its spin Hamiltonian, energy shifts 

in the spin eigenstates; unlike the Zeeman interaction these shifts will be orientation-dependent, 

leading to broadenings in the corresponding NMR spectra of powdered samples. These shifts can 

be accurately described by considering the first- and second-order perturbations of the quadrupolar 

interaction, on the otherwise dominant Zeeman effect (see Figure 1.2). Notably, for half-integer 

quadrupolar nuclei, the central transition (CT) of ᴾ  is not affected to first-order by 

Figure 1.1 Periodic table of elements colored according 

to their nuclear spin number (adapted from ref 34). 

Figure 1.2 A depiction of the perturbation of the Zeeman 

energy levels of a spin I=3/2 by first- and second-order 

quadrupolar interaction terms (taken from ref 11). 
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quadrupolar broadening, and is sharper than the other, so-called satelliteïtransitions (ST). 

However, the central transition is still broadened by second-order quadrupolar effects, that cannot 

be completely averaged by standard magic-angle-spinning (MAS) ïMAS being the procedure 

conventionally used in solid-state NMR, in order to average first-order anisotropic interactions. 

Returning a few steps back - Why would an electrostatic interaction manifest as a spin 

interaction? To answer this we remind that the classical interaction energy of a particle in an 

electric potential is16: 

Ὁ ”᷿ὶὠὶὨὶ                                                                                                                       (1.14) 

where ”ὶ is the charge density and ὠὶ is an electrical potential. Assuming the nuclear position 

to be at (0,0,0), ὠὶ can be expanded in a Taylor series about the origin (multipole expansion)17:  

Ὁ  ὠπ ”᷿ὨὶВ ὠ ὼ᷿”Ὠὶ
Ȧ
В ὠȟȟ ὼ᷿ὼ”ὨὶȢȢΦ                                               (1.15) 

Where  ὠ ȟ  ὠȟ and ‌ (and ‍ stands for x,y,z coordinates.  

The first term is an electric monopole which causes a uniform shift in energy of the ȿὍȟάἃ 

manifold and thus may be neglected. The second tern is an electric dipole which is not allowed 

due to parity considerations; but additionally, in equilibrium, the average Va is 0. The third term 

is the electric quadrupole moment, which is the one that concerns us here. 

To arrive to the final expression of the quadrupolar Hamiltonian, we first replace the 

classical operators with their respective quantum mechanical operators, and then apply the Wigner-

Eckart theorem (WET), which dictates 

that the matrix elements of the operators 

Ὕȟ , expressed in the basis of angular 

momentum (eigen)states, are proportional 

to each other. WET relates the nuclear 

quadrupole moment to the nuclear spin 

angular momentum operators, and thus 

the electrostatic interaction of the 

quadrupole moment with the external fields (given in terms of positions x, y, z) can be related to 

NMR observables (driven by the spin operators Ix, Iy, Iz). For a more detailed derivation and 

discussion on this topic, see references 8,17.  

Figure 1.3 Scheme of non-spherical charge leading to an 

electric quadrupole moment. Taken from ref 8. 
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  The EFG tensor ὠ is traceless and therefore does not have an isotropic value; it is then 

characterized in its PAS13 by only two quantities: 

ὠ Ὡή and –                                                                                                           (1.16) 

Ὡή is the magnitude of the anisotropic contribution and – is the tensorôs asymmetry parameter. 

Throughout the rest of this work, we follow the convention aligning the three principal components 

as: ȿὠ ȿ ὠ ȿὠ ȿ.  

The magnitude of the quadrupolar interaction is given by the nuclear quadrupolar coupling 

constant: 

ὅ
ᴐ
                                                                                                                                       (1.17) 

where eQ is the magnitude of the nuclear quadrupole moment. From all this it follows that the 

quadrupolar interaction is described (in any frame) according to the spherical tensor formalism, 

by:   

Ὄ В ρ ὃȟὝȟ ,                                                                                       (1.18) 

where ‫  . In the definition above, the magnitude eq of the EFG is included in ‫ , such 

that  ὠ ρ. In the PAS, the ὃȟ
ȟ

 elements are given by: 

ὃȟ
ȟ ὠ  ; ὃȟ

ȟ –                                                                                  (1.19) 

More generally, the ὃȟ  are described in terms of the Cartesian tensor components as 13:  

ὃȟ  ὠ ; ὃȟ ὠᴜ Ὥὠ and ὃȟ ὠ ὠ Ὥὠ                                     (1.20) 

The reason why irreducible spherical tensors are convenient to use, is that their transformations 

between different frames are well defined. For example, to express ὃȟ in the lab frame: 

ὃȟ
ȟ В ὃȟ

ȟ
Ὀάȟπ
ς
‌ȟ‍ȟ‎ς

ὶ ς                                                                                                     (1.21) 

where Ὀ ȟ  are the Wigner rotation matrices and ‌ȟ‍ȟ‎ are the Euler angles between the PAS 

and the lab frame. Additionally, the spin spherical tensor operators are given by: 

Ὕȟ Ѝ
σὍ ὍὍ ρ ;  Ὕȟ ᶸ

Ѝ
ὍὍ ὍὍ ;  Ὕȟ Ὅ;                                                 (1.22)                       

The quadrupolar Hamiltonian, Ὄ , can be treated as a perturbation to the Zeeman 

interaction, using either Perturbation Theory or Average Hamiltonian Theory (AHT, vide infra). 
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Both of them are equivalent, but AHT is better suited to the spherical tensor representation. As 

stated previously, the magnitude of the quadrupolar interactions is so large that, typically, 

corrections up to second order need to be taken into account. The first order contribution of these 

interactions will be: 

Ὄ ᷿ Ὄ ὸὨὸ
Ⱦ  

ὃȟὝȟ                                                                                          (1.23) 

and the second order correction will be: 

Ὄ ᷿ Ὠὸ ᷿ ὨὸὌ ὸȟὌ ὸ                                                                                                                                                                                                                                                                                                            

ὃȟὃȟ Ὕȟ ȟὝȟ  ὃȟὃȟ Ὕȟ ȟὝȟ                                                                       (1.24) 

Due to the commutators and the contraction of the tensor products18,19, the second order 

Hamiltonian Ὄ  becomes the sum of 0th, 2nd and 4th rank spatial tensors, times the corresponding 

odd-rank spin-terms20. In the case of a powdered ensemble this will lead to both a broadening and 

a shift of the transitions due to the isotropic, 0th rank term. Note that whereas the 2nd rank spatial 

components of this Ὄ  can be averaged out by MAS, the 4th rank spatial tensors cannot. 

Additionally, note that the second order correction is proportional to  , such that it becomes 

smaller at higher magnetic fields.  

It follows from all this that the first-order quadrupolar shift/transition frequency is 13:  

ʖ ȟ άὌ ά ά ρὌ ά ρ ρ ςά‫ᴂ                                               (1.25) 

where ‫ᴂ includes the spatial-dependence. It can be seen that for the central m=1/2 transition, the 

first-order quadrupolar shift will be zero. In general, for any symmetric transition the first-order 

quadrupolar shift will be zero,  due to the ά  dependence of άὌ ά . 

The second-order shift is necessary to calculate the CT frequency of half-integer spins, 

which is13:   

‫
ȟ

ẗὃȟ ὃȟ ὃȟ ὃȟ ẗσ τὍὍ ρ                                                    (1.26) 

This leads to Equation 2.2 in Chapter 213,  

‫
ȟ

 ὍὍ ρ ẗὃ‌ȟ– ÃÏÓ‍ ὄ‌ȟ– ÃÏÓ‍ ὅ‌ȟ–                      (1.27)      

with 
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ὃ‌ȟ– –ÃÏÓς‌ –ÃÏÓς‌ .                                                                               

ὄ‌ȟ– – ς–ÃÏÓς‌ –ÃÏÓς‌ .                                                                        

ὅ‌ȟ– – –ÃÏÓς‌ –ÃÏÓς‌ .                                                                      (1.28) 

 

1.2.2 The Chemical Shift Interaction 

The electrons in molecules or periodic solids cause the local fields experienced by nuclei 

to vary based on their local electronic environment17,21. The local magnetic field at a nucleus is 

then the sum of the external and local magnetic fields: 

ὄ ὄ ὄ                                                                                                                   (1.29) 

The small differences in ὄ , which are enough to discern between different chemical sites, 

are key to the use of NMR in chemistry.  ὄ  is linearly dependent on ὄ, with the chemical 

shift tensor describing this proportionality: 

ὄ  Ͻὄ                                                                                                                            (1.30)‏

The chemical shift tensor is described (in ppm) by the following three parameters10,22: 

‏ ‏ ‏ ‏  ï isotropic shift            

‏ ‏ ‏  ï shielding anisotropy              

–
 

 ï asymmetry parameter                                                                                                       (1.31) 

with ȿ‏ ‏ ȿ ȿ‏ ‏ ȿ ‏ ‏   and π – ρ.  

For the chemical shift, first-order AHT theory suffices, leading to the chemical shift frequency23,24: 

‫ ‫ ‏ ‏ ὃȟ                                                                                                        (1.32) 

which is Equation 3.2 in Chapter 2.  

 

1.2.3 The Dipolar  Interaction 

The dipolar interaction is a through-space interaction between the magnetic moments of 

the nuclear spins. Under static conditions, the secular homonuclear dipolar interaction in the lab 

frame is given by9,11,25:  

Ὄ В ὃȟ
ȟὝȟ

ȟ  В
Ѝ 
‫ ẗςὛ Ὓ ὛὛ ὛὛ                                        (1.33) 
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where ‫ ὃȟ
ȟ

is the spatial part in the lab frame, and it can be calculated by transfomation 

from the PAS, where: ”ȟ
ȟ
Ѝφὦ  Ѝφ

ᴐ
 .  

The truncated heteronuclear dipolar interaction lacks the óflip-flopô terms: 

Ὄ В
Ѝ 
ς‫ ẗὍὛ                                                                                                        (1.34) 

 

1.2.4 The J-Coupling Interaction 

 J-coupling is an indirect magnetic interaction between nuclear spins, that is mediated by 

bonding electrons. The mediation of the electrons generates an isotropic part, that is not susceptible 

to motional averaging, on top of an orientation-dependent anisotropic part21. The typical values of 

J-coupling constants range from a few Hz to hundreds of Hz, such that compared to the other 

significantly larger anisotropic interactions in solids, J-couplings are commonly unresolved. 

Additionally, it is challenging to distinguish the anisotropic part of the J-coupling from the though-

space dipolar coupling, and hence we will only address the isotropic J-coupling. The homonuclear 

J-coupling (strong-coupling regime):  

Ὄȟ ς“ὐ ὛᴆẗὛᴆ ς“ὐ Ὓ Ὓ Ὓ Ὓ Ὓ Ὓ                                                         (1.35) 

For heteronuclear spins (weak coupling regime), the truncated Hamiltonian is: 

Ὄȟ ς“ὐ ὍὛ                                                                                                                       (1.36) 

 

1.2.5 The RF Hamiltonian 

An RF Hamiltonian of constant amplitude and phase in the Lab frame is given by26: 

 Ὄ ὸ ‫ ὍÃÏÓ‫ὸ ‰ ὍÓÉÎ‫ὸ ‰                                                                               (1.37) 

with ὄ ὸ ὄÃÏÓ‫ὸ ‰ , where ‰  is the RF pulse phase, ὄ is the RF maximum amplitude, 

‫ ‫ ȿ‎ȿὄ is the ñspin nutation frequencyò of the RF field, and is oscillation frequency ‫ 

of the RF (ñthe carrier frequencyò). Here we only considered the component rotating on-resonance 

and discarded the one rotating in the opposite sense. For convenience, we set the phase to be equal 

to 0 (‰ π): 

Ὄ ὸ ‫ Ὑ ‫ὸὍὙ ‫ὸ                                                                                                (1.38) 

By applying a transformation to the RoF:   
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 Ὄ ὸ  Ὑ ‫ὸὌ Ὄ ὸὙ ‫ὸ Ὥ Ὑ ‫ὸὙ ‫ὸ

Ὑ ‫ὸὌ ὸὙ ‫ὸ ‫ ‫Ὅ ‫ Ὅ ɱὍ                                                              (1.39)                                               

Where ɱ ‫ .This is identical to the classical description in equation 1.6 . ‫  

On resonance- ɱ π and Ὄ  simplifies to: 

 Ὄ ‫ Ὅ                                                                                                                                         (1.40) 

 

1.2.6 Time Evolution: Density Operator Formalism 

In NMR, experiments are performed on a very large ensemble of spins with initial random 

phase. Rather than dealing with wavefunctions, the density operator formalism is applicable in 

such cases. The spin density operator ”ὸ  

” ȿ‪ἃἂ‪ȿ                                                                                                                                                           (1.41) 

then represents the entire ensemble state, and enables us to describe the evolution of spins during 

an NMR experiment17,21.  

In the high temperature approximation, the density operator at equilibrium is proportional 

to the Hamiltonian. For a dominant Zeeman interaction we have then that ” ᶿ ρ ‍Ὅ  , with 

‍, the Boltzmann factor, given by: ‍
ᴐ

. Since the unity operator and the Boltzmann factor 

donôt affect the spinsô evolution, these are usually dropped out; ” Ὅ  is then used most 

commonly.  

Starting from the Schrodinger equation it can be shown the spin density operator satisfies 

the Liouvilleïvon Neumann evolution equation: 

”ὸ Ὥ Ὄὸȟ”ὸ                                                                                                              (1.42) 

which has the formal solution: 

”ὸ Ὗὸ”πὟ ὸ Ὗὸ”πὟ ὸ .                                                                             (1.43) 

Here Ὗὸ is the evolution operator or propagator. For a time-independent Hamiltonian the 

solution of this propagator is known:  

5Ô ÅØÐÉ(Ô Ô .                                                                                                          (1.44) 

For a time-dependent Hamiltonian which does not self-commute at different time points, also 

referred to as a homogeneous Hamiltonian, the general formal solution is: 

Ὗὸ 4ÅØÐὭ᷿ Ὠὸᴂ(ὸᴂ                                                                                                       (1.45) 
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Where 4 is the Dyson time ordering operator11,27. Typically, it is not possible to obtain the 

propagator analytically from Eq. 1.45. Thus, there are a few approaches of obtaining the propagator 

of a time-dependent Hamiltonian using approximate solutions - The most commonly used method 

in NMR is the aforementioned average Hamiltonian Theory (AHT), which we will focus on below.  

 

1.2.7 Average Hamiltonian Theory  

The time-dependencies in NMR usually are or, by transformation into a suitable 

representation, appear to be periodic. Two common theoretical approaches make use of these 

periodicity in the NMR Hamiltonian: Average Hamiltonian Theory (AHT) and Floquet theory. By 

contrast to AHT, Floquet theory allows a description of the evolution of the spin system at all times 

using effective Hamiltonians, whereas AHT allows to probe the system stroboscopically28,29. 

Although more limited than Floquet, AHT does not require the derivation of infinitely large 

matrices, and is thus still widely used. In the framework of AHT we define an effective or average 

Hamiltonian over a time Ὕ ὸ ὸ coinciding with the periodic modulation, so that the 

propagator now becomes: Ὗὸȟὸ ÅØÐὭὌὝ; notice the analogy to the case where the 

Hamiltonian is time-independent. The effective Hamiltonian Ὄ may be expanded in a series 

expansion, called the Magnus expansion4,29:  

Ὄ Ὄ Ὄ Ὄ ȣ                                                                                                         (1.46) 

where Ὄ  is the nth-order contribution to the average Hamiltonian. The first two orders of the 

Magnus expansion are given by:  

Ὄ
ρ

Ὕ
ὨὸὌὸ 

Ὄ ᷿ Ὠὸ᷿ ὨὸὌὸȟὌὸ                                                                                            (1.47) 

The convergence of the Magnus expansion is assured when ᴁὌὸᴁὝḺρ, where ᴁὌὸᴁ is the 

norm of the Hamiltonian. When the ᴁὌὸᴁὝḺρ condition is not fulfilled, AHTôs convergence 

may be facilitated by a transformation into a suitable interaction frame, in which the dominant 

interaction is removed ïas is done, for instance, in the rotating-frame transformation. The 

propagator Ὗὸȟὸ  in this frame can be expressed in terms of an effective interaction frame 

Hamiltonian Ὄ , that can then be analyzed by the Magnus expansion: 
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Ὗὸȟὸ ÅØÐὭὌὝ 

Ὄ  Ὄ Ὄ Ὄ ȣ                                                                                                         (1.48) 

AHT was employed in chapter 5 to solve the ADRF-CP evolution analytically. 

 

1.2.8 Interaction Frame Hamiltonian  

As just mentioned, the NMR Hamiltonian can be frequently presented as a sum of two (one 

more) terms, one which is large and one (or the rest) which is (are) smaller26,29: 

Ὄὸ Ὄ ὸ Ὄ ὸ                                                                                                               (1.49) 

Transforming the Hamiltonian into the interaction frame of Ὄ ὸ  is described by:  

Ὄὸ Ὗ ὸὌὸὟ ὸ Ὥ Ὗ ὸ Ὗ ὸ Ὗ ὸὌὸὟ ὸ Ὄ ὸ                                 (1.50) 

The second equation comes about from the fact that the propagator of Ὄ ὸ is known and follows 

the relation: Ὗ ὸ ὭὌ ὸὟ ὸ. 

The most common and basic interaction frame Hamiltonian, which was in fact already 

introduced, involves the transformation into the rotating frame Hamiltonian26:  

Ὄ ʖὍ                                                                                                                                       (1.51) 

When ‫ ‫  or ɱ ‫ ‫ π, this is equivalent to the óZeeman interaction frameô.  The 

choice of the interaction frame depends on the particular Hamiltonian. Once the NMR Hamiltonian 

is presented in the rotating frame, other interactions become suitable choices for further interaction 

frame transformations. A common choice is to transform the Hamiltonian into the interaction 

frame imposed by the effects of a train of RF pulses ï this is commonly referred to as the ñtoggling 

frameò transformation. Another possible choice is the interaction frame of a dominant internal spin 

interaction such as that imposed by the chemical shift anisotropy (CSA) or the quadrupolar 

coupling, sometimes referred to as a ñjolting frameò. It is perhaps better for clarity to simply use 

the term ñinteraction frame of Xò. 

 

1.2.9 Resolution Improvement Methods in NMR 

Methods for improving the spectral resolution and thus aiding in the interpretation of solid-

state NMR spectra, have been developed and applied extensively to both quadrupolar and spin ½ 

nuclei. This paragraph briefly discusses the most common among these resolution improvement 

methods. 
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Magic-Angle-Spinning (MAS)  

Magic angle spinning is a common way used in solid-state NMR to improve resolution and 

average some of the anisotropic interactions that cause line broadening4,9,11,21,30,31. This comes 

about by exploiting the spatial dependence arising when the NMR interaction Hamiltonians are 

expanded to first order in the Zeeman representation. As follows from Eq. 1.13, these will be 

modulated by second-rank anisotropy; upon rapid sample rotation it can be shown that these 

anisotropies will all be scaled by a common factor ὖ ÃÏÓ— σÃÏÓ— ρ, where ὖ is a 

second-order Legendre polynomial and — is the angle between the rotor and the external magnetic 

field4,30,31. For the ómagic-angleô — ÁÒÃÔÁÎЍς υτȢχτᶼᴼ ὖ ÃÏÓ— π, and all the 

second-rank anisotropic effects collapse to zero ïleading in effect to a liquid-like, isotropic NMR 

spectrum possessing sharp lines even though arising from a polycrystalline powder.  

 

Figure 1.4 Numerical simulations illustrating the effect of MAS. (a) A CSA-broadened spectrum of a spin-1/2 with 

parameters ‏ =10 kHz and – =0.5. When =60 kHz, only the isotropic peak appears in the spectrum. (b) The 

central-transition (CT) of 87Rb with parameters ὅ 3 MHz and –=0. Fast spinning does not fully average the 

second-order quadrupolar broadening of the CT.   

 

          The effect of MAS on a chemical shift anisotropy (CSA) broadened spin ½ is demonstrated 

in Figure 1.4a. During sample-spinning, the orientation and thus the frequency of each crystallite 

in the powder becomes time-dependent. At the end of each rotor period, all crystallites resume 
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their original orientation and associated frequency- this type of refocusing gives rise to rotor 

echoes. These periodic rotor echoes in the time-domain signal, result in a manifold of spinning 

sidebands in the frequency-domain spectrum separated by ȟ where ‫  is the spinning frequency. 

When the sample spinning significantly exceeds the extent of anisotropy, the MAS spectrum 

results in the desired isotropic liquid-like resolution. Note that the second-order quadrupolar 

interaction, as stated above, is not averaged by MAS (Figure 1.4b). 

For representing the relevant Hamiltonians arising under MAS, we define a rotor frame R 

for which the z axis lies along the sample rotation axis. The Euler angles between the rotor-frame 

and the lab frame, ɱ ὸ, are then time-dependent, and are given by: ɱ ὸ .‫ὸȟ—ȟπ 

As an example, we can now describe ὃ  of the homonuclear dipolar interaction (see equation 

1.33) by a series of rotations between frames. Most commonly use in this case are a series of 

transformations that take the spatially-dependent terms of the Hamiltonian, first from their PAS to 

a rotor-based frame via a set of Euler angles (ɱ ȟ and then from the rotor frame to the lab frame 

via (ɱ :10 

ὃ В ὃ Ὀ ȟ ɱȟ  Ὀ ɱ

В ὃ Ὀ ȟ ɱȟ ÅØÐὭά‫ὸὨ —  В ‫ ÅØÐὭά‫ὸ.               (1.52)                                                         

where: ‫ В ὃ Ὀ ȟ ɱ Ὠ — Ȣ 

Notice that the MAS introduces a time-periodicity in the spatial part of the Hamiltonian, 

with terms that oscillate with ‫  and ς‫ . In the case of the homonuclear dipolar interaction, 

the coefficients of these time-dependent terms will be:   

‫ Ѝφὦ Ὀ ɱ Ὠ —                                                                                              (1.53) 

where, as mentioned earlier, ὦ  
ᴐ
.  

Now, one can take the average of the H(t) arising from Eq. (1.47). Since the average of 

ÅØÐὭά‫ὸ is zero except when m=0, all that remains is 

Ὄ Ѝφὦ Ὀ ɱ  Ὠ — Ὕ  Ѝφὦ Ὀ ɱ ÃÏÓ— ρ Ὕ ᴼπ   (1.54) 

We can see that to first-order, in the absence of other interactions, MAS averages out the 

homonuclear dipolar Hamiltonian. We will encounter this idea again in chapter 5. In the same way, 

MAS averages out other ófirst-orderô interactions, but fails to average ñsecond-orderò interactions 
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ïforemost those arising from large quadrupolar couplings. Thus, more sophisticated methods for 

improving the resolution of quadrupolar nuclei are requires. 

 

High Resolution NMR Spectroscopy of Quadrupolar Nuclei 

Following the development of double rotation (DOR) 32ï34 and dynamic angle spinning 

(DAS)32,35,36 experiments, which make the qm axis of sample spinning time-dependent, the 

multiple-quantum magic-angle-spinning (MQMAS) experiment37ï39 was designed to remove first- 

as well as second-order broadenings by manipulating the coherence state of the spins ïall while 

remaining fixed at the MAS axis. MQMAS is a two-dimensional (2D) experiment, where multiple 

quantum coherences (MQC) are correlated with the central transition (CT) single quantum 

coherence (SQC), to yield an isotropic indirect dimension and anisotropic direct dimension. The 

MQMAS experiment transformed the field due to its simplicity and ease of implementation on 

standard probes, and became widely used to study half-integer quadrupolar nuclei12,40ï44. An 

additional method developed for high-resolution NMR of half-integer quadrupolar nuclei is 

satellite-transition magic-angle spinning (STMAS)45,46. STMAS relies on very similar concepts as 

MQMAS, except that it is ST SQCs that are correlated with the CT SQC. While these experiments 

are well suited for the solid-state NMR of quadrupolar nuclei with a relatively small coupling 

constants CQ, they fail when tackling sites characterized by large CQ values ïwhere residual 

second-order broadenings may exceed by much the fast-MAS assumptions underlying these 

experiments.  Given the ill-defined line shapes arising in these cases upon sample spinning, these 

species are best measured under static, low-resolution conditions47ï50. Although sub-optimal, 

chemical insight still arises from these experiments; the ubiquitous nature of quadrupolar sites 

means that progress is still required to improve the information attainable from static correlation 

NMR experiments on half-integer quadrupole nuclei.  

 

1.2.10 Methods for Improv ing the Sensitivity and Information  of Solids NMR 

Routes to improve the sensitivity of solid-state NMR on dilute and unreceptive nuclei, have 

also been the focus of much research in this field.  
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CPMG: 

The Carr-Purcell Meiboom-Gill  (CPMG) 

sequence51, originally introduced for T2 measurement 

at the Weizmann Institute, was also found useful to 

increase the sensitivity of solids NMR spectra 

affected by significant inhomogeneous 

broadenings52ï57. The approach is commonly used for 

enhancing the sensitivity of quadrupolar nuclei NMR spectra58ï63, particularly in static cases where 

the effective dephasing time T2
* brought about by anisotropic effects, is much shorter than the 

natural T2 dephasing time of the spins.  The ensuing quadrupolar CPMG (QCPMG) experiment 

applies a series of refocusing p pulses on the spinsô central-transitions, leading to multiple echoes 

that are acquired over the course of a single acquisition, resulting in a potential signal-to-noise 

ratio (SNR) improvement compared to a standard acquisition or a single-echo experiment. The 

actual SNR improvement per unit time will depend on the number of echoes that are collected per 

scan, and is thus limited by the T2 decay of the signal. Thus if T2s are short, as is often the case for 

relatively abundant spins in non-spinning samples, the SNR improvement brought about by 

QCPMG can be limited. Hence, new routes for further improving the sensitivity achievable via 

solid-state NMR experiments are very much sought after. 

 

Cross-Polarization 

 Cross-polarization (CP) from an abundant nucleus to an insensitive nucleus, is one of the 

most common and useful methods of sensitivity enhancement in solid-state NMR, as well as for 

multidimensional correlation experiments.64,65 Hartmann-Hahn (HH)-CP involves the 

simultaneous irradiation of both nuclei, with the following static matching conditions (Figure 

1.6a): 

‫ ȟ ‫ ȟ                                                                                                                             (1.55) 

Where ‫  is the respective RF amplitude of the abundant S and the dilute I nuclei. Under these 

conditions, a matching of energy levels in the rotating frame is achieved and polarization transfer 

can occur (Figure 1.6b).   

 Multiple detailed thermodynamical11,66 and quantum mechanical4,67,68 analyses of CP exist 

in the literature. We will focus on the latter: it can be shown using AHT, that the average 

Figure 1.5 CPMG sequence with a constant 

echo time (TE) and acquisition of the full 

echoes. 
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Hamiltonian describing the CP, following a transformation from the RoF to the RF interaction 

frames, is4: 

Ὄ ‫ ὍὛ ὍὛ                                                                                                                                 (1.56) 

The resulting evolution of a two-spin pair in the RoF is described by4: 

Ὓ ự Ὓ ρ ÃÏÓ‫ ὸ Ὅρ ÃÏÓ‫ ὸ ὍὛ ὍὛ ÓÉÎ‫ ὸ                            (1.57)                                                                                                                    

where ‫  is the heteronuclear dipolar coupling. Starting from Ὓ, we can observe that transverse 

I spin magnetization is generated. The oscillation in equation 1.54 is a result of considering an 

isolated spin-pair. In a powder, typically an exponential build-up is observed, at a rate which 

depends on ‫ . 

Under MAS, the matching conditions become modulated by the spinning frequency due to 

the time-dependence of the heteronuclear dipolar Hamiltonian67,69:  

‫ ȟ ‫ ȟ άwith ά , ‫ ρȟς                                                                                     (1.58) 

The matching condition of the sum corresponds to the double-quantum matching (DQ) condition 

and the difference corresponds to the zero-quantum (ZQ) matching condition.  

The previous description is valid when S and I are both spin ½. When I is a half-integer 

quadrupolar nucleus, the HH matching conditions of the CT under static conditions are well-

defined in two regimes. When ‫ ȟḻ‫  the same matching conditions in 1.55 apply. However, 

when ‫ ȟḺ‫ , the matching conditions are described by70,71: 

‫ ȟ Ὅ ‫ ȟ                                                                                                                             (1.59) 

Under MAS, the spin locking behavior and CP dynamics of half-integer quadrupoles becomes 

exceedingly more complicated, and a more detailed description can be found elsewhere70,72ï74. 

 

Cross-Polarization based on Dipolar-Order  

 Another type of CP is based on the generation of dipolar-order on the abundant spin-pool 

ï typically protonsï and on the subsequent transfer of this dipolar order into heteronuclear Zeeman 

magnetization. In dipolar-order the spin-alignment is determined by the local dipolar fields, as 

opposed to Zeeman-order, where the spin-alignment is determined by the external magnetic field. 

In other words- the density matrix in dipolar-order is proportional to the secular dipolar 

Hamiltonian25,75.  
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There are two common ways to generate dipolar-order: Adiabatic Demagnatization in the 

Rotating Frame (ADRF)76, and the Jeener-Broekaert (JB) sequence77. During ADRF, the RF 

amplitude is adiabatically reduced, leaving the spins in a dipolar state. Initially, the RF-amplitude 

is larger than the homonuclear dipolar fields,‫ ḻ‫ , so that the eigenvalues/eigenfunctions 

will be by approximation those of the RF Hamiltonian. By the end of the adiabatic ramp, the 

homonuclear dipolar fields are larger than the RF amplitude, ‫ Ḻ‫ , so that the 

eigenfunctions will be approximately those of the dipolar Hamiltonian17,25.      

If, following the generation of dipolar-order, an RF on the dilute I-spin can be matched to 

the local dipolar fields of the abundant spins, a polarization transfer between the two spin systems 

can occur (Figure 1.6 c-d). We refer to the combination of ADRF and a CP pulse on the I-channel 

as ADRF-CP. This type of polarization transfer has only been demonstrated on static samples, to 

the best of our knowledge. In chapter 5, we will examine ADRF-CP under MAS.  

 

Figure 1.6 HH-CP and ADRF-CP schematic energy level diagram for static matching conditions. a) HH-CP sequence; 

b) HH-CP energy level diagram in the lab frame (left) and in the rotating frame (right). c) ADRF-CP sequence; d) 

ADRF-CP energy level diagram in the lab-frame (left) and in the rotating frame (right). This figure was adapted from 

reference 78. 

 

Studies of Dynamics 

Finally, unique information about dynamics in a wide range of time-scales is available from 

quadrupolar nuclei, and specifically from their STs, as is evidenced by the extensive application 

of deuteron NMR to characterization of molecular motion79,80 as well as the sensitivity of satellite-

transition magic angle spinning (STMAS) to dynamics81. However, typically the STs of half-

integer quadrupolar nuclei are ñinvisibleò due to their shear breadth and low signal-to-noise ratio, 

especially for unreceptive low gamma or dilute quadrupolar nuclei. Therefore, detection schemes 
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which allow access to static ST of dilute half-integer spins could contribute significantly to the 

toolkit of dynamics studies by NMR. We address new advents in this direction in Chapter 4 of this 

thesis. 

 

1.3 Contents of this Thesis 

In this Dissertation, I will focus on methodologies which address the challenges mentioned 

above- sensitivity, resolution and interpretation/information available from NMR of half-integer 

quadrupolar spins and unreceptive spin ½ nuclei. I will present a static two-dimensional NMR 

experiment that correlates the SQC of different quadrupolar isotopes of the same element, 

denominated Quadrupolar Isotope Correlation Spectroscopy (QUICSY), for improving resolution 

and information content. I will explore the use of an experiment that is widely used in MRI but 

nearly unheard of in NMR, the steady state free precession (SSFP) sequence, to the study of solids 

ïcomparing it to optimized existing acquisition schemes based on QCPMG. I will show new means 

to indirectly detect the STs of unreceptive quadrupolar nuclei at natural abundance and study use 

this to study dynamics, with Progressive Saturation of Proton Reservoir (PROSPR). Finally, I will 

show how dipolar-order based cross polarization (CP) can be implemented under MAS for 

sensitivity enhancement of dilute insensitive nuclei. 
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2 Static Quadrupolar Isotope Correlation Spectroscopy 

2.1 Introduction 

A common characteristic of the 2D MQMAS and STMAS mentioned in the Introduction for 

resolving quadrupolar second-order powder patterns, is a reliance on two consecutive periods 

where spins are subject to anisotropic evolutions that are, in some way, ñproportionalò to one 

another for every crystallite in the sample. Thanks to this proportionality, echoes that refocus the 

residual quadrupolar broadening arise in the (t1,t2) time-domain.  In the MQMAS and STMAS 

experiments the proportionality arises from Clebsch-Gordan coefficients, that make the evolution 

of the anisotropies left over by the MAS, proportional to one another for every crystallite in the 

powder.  Similarly, the present study was motivated by the realization that a certain 

ñproportionalityò between the anisotropic quadrupolar broadenings, could be imposed if 

correlations were performed among CTs of different isotopes of the same element: quadrupolar 

second-order shifts in such isotopes will be given by EFG properties that are virtually independent 

from the nature of the isotope, modulated by orientation-independent scalar parameters ï

gyromagnetic ratios, spin numbers and nuclear quadrupole momentsï that scale the strength of the 

interaction.  In such case, the possibility could arise of yielding one-to-one correlations for the CT 

frequencies of every crystallite in a powder, to arrive to high-resolution 2D correlations even in 

the absence of MAS. Moreover, quite a few elements in the Periodic Table possess two 

quadrupolar isotopes in relatively high abundances ïincluding 35,37Cl, 69,71Ga, 79,81Br, 63,65Cu, 

135,137Ba and 85,87Rb; out of these the halogens are often present in active-pharmaceutical 

ingredients,82,83 while species such as Ga are present in semiconductors and metal organic 

frameworks84,85.  

Based on such considerations, the present study explores static NMR versions of what we 

denominate QUadrupolar Isotope Correlation SpectroscopY (QUICSY), a 2D experiment 

correlating the CTs of different quadrupolar isotopes of the same element. To this end we treat a 

number of theoretical scenarios pertaining static spectra acquired on nuclei broadened by second 

order quadrupolar effects ïfirst in the absence and then in the presence of the chemical shift 

interaction. Following these considerations, we explore the static 2D QUICSY approach on the 

isotope pair 85Rb and 87Rb for compounds bearing one and two chemically inequivalent 

crystallographic sites. We observe that the presence of both magnetically and crystallographically 

inequivalent sites gives rise to off-diagonal peaks. For each case, a unique pattern is achieved 
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containing rich information regarding the interaction tensors and their relative orientation. These 

experimental results match well to analytical 2D calculations based on existing literature 

parameters, validating the use of theoretical arguments to estimate the benefits and insight arising 

from this approach.   

 

2.2 Materials and Methods 

2.2.1 Samples  

Polycrystalline RbClO4 and Rb2SO4 (Strem Chemicals, 99.9%) were used as received, after 

grounding them into fine powders and packing in 4 mm zirconia NMR rotors for measurement 

under static conditions. In these samples, the natural abundance of 85Rb is 72.17% and of 87Rb - 

27.83%. 

2.2.2 Solid-State NMR Spectroscopy 

NMR experiments were performed using a Varian VNMRS console interfaced to an Oxford 

14.1 T (w0(
1H) = 600 MHz) wide-bore magnet. A Varian 4 mm triple-resonance HXY probe was 

used for this study ïwith the X and Y channels tuned to the high- and low-frequency correlated 

isotopes, respectively. Chemical-shift referencing was performed for 87Rb and 85Rb using a dilute 

RbNO3 solution. Pulse-width calibrations were performed on solid RbBr: directly for 87Rb and 

indirectly for 85Rb, which was calibrated via its cross polarization (CP) to 87Rb. All  used sequences 

relied on such 85RbĄ87Rb CP (Figure 4, vide infra), and included either a 1D CP64,65 with Carr-

Purcell Meiboom-Gill (CPMG) acquisition51,52,58,86,87, or 2D constant-time88ï90 CP-CPMG with 

whole echo acquisition for an absorptive lineshape91,92. The phase-cycling used for the 1D CP-

CPMG was: ‰ ὼȟὼ, ‰ ώ, ‰ ὼȟὼȟὼȟὼȟώȟώȟώȟώ, ‰ ὼȟὼȟὼȟὼȟώȟώȟώȟώ, 

‰ ‰ ‰ ὼȟὼȟὼȟὼȟώȟώȟώȟώ. The phase-cycling of the 2D constant-time CP-CPMG 

was altered to select a single CT-detected evolution pathway in the indirect dimension: ‰

ὼȟώȟὼȟώ, ‰ τz ὼȟτz ώȟτz ὼȟτz ώ, ‰ ρφz ὼȟρφz ώȟρφz ὼȟρφz ώ, 

‰ ὼ, ‰ ὼ, ‰ ‰ ς‰ ‰ . In all cases a converging double-frequency sweep (DFS) 

pulse was applied on the 85Rb channel prior to the 85RbĄ87Rb CP for signal enhancement,55,56 with 

the following parameters: 1.9 ms duration; initial/final frequencies (from the CT center): 6600/200 

kHz; number of steps: 27,000; RF amplitude: 20 kHz. The same DFS parameters were used for 

both Rb2SO4 and RbClO4. For processing the 2D CP-CPMG QUICSY data, CPMG echoes were 

spliced and coadded in the direct dimension. Unless otherwise specified, a symmetric whole-echo 
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was also collected in the t1-domain. As no dispersive component arises from such fully t1/t2 echoed 

acquisitions, all 2Ds are presented in magnitude mode. No line-broadening was added, and a zero-

filling of 2048 points in F2 and 512 points in F1 was used.  See below for more details. 

2.2.3 Simulations 

All  calculations/simulations focused on the CT of half-integer quadrupolar nuclei. 

Analytical calculations to describe 2D correlation spectra of two isotopes affected by second-order 

quadrupolar interactions and by isotropic/anisotropic chemical shifts (CSA) were coded in 

MATLAB ; all these 2D spectral calculations assumed ideal correlations among the evolution 

frequencies of the two isotopes for each crystallite-orientation; i.e., equal efficiencies for the 

information transferred during the mixing.  The orientation-dependent CSA effects were calculated 

on powdered samples by first transforming their tensors from a CSA principal axis system (PAS) 

to the PAS of the EFG tensor, and then onto the laboratory frame. In the case of two or more 

magnetically inequivalent sites per crystallographic unit, an additional transformation was added 

to relate the PAS of one of the EFG tensors to the PAS of the other EFG tensor. The powder 

average was performed using 1000 linearly-spaced ‍ angles (π ‍ “) and 250-300 linearly-

spaced ‌ angles ( π ‌ ς“). All  transformations and conventions used are described in the 

introduction chapter and in Appendix A1.1. The full expressions of the orientation-dependencies 

were calculated with Mathematica®,93 and the accuracy of these lab-written codes was verified by 

comparisons against 1D numerical simulations arising from the Simpson94 programming software 

(not shown). Throughout the text frequency-based calculations were used; for comparisons to the 

experimental data, equivalent time-domain calculations were performed in order to obtain 

comparable spectral resolutions upon processing. MATLAB and Mathematica scripts are 

presented in Appendix A1.2-A1.3. 

 

2.3 Theoretical background and Analytical Calculations 

The present study considers two different isotopes of the same element; each of these is a half-

integer quadrupolar species described by a distinct spin I, gyromagnetic ratio g defining both the 

Larmor frequency wo and chemical shift wcs, and nuclear quadrupole moment eQ. Disregarding 

isotope effects, one can assume that for a certain compound, these two isotopes will be subject to 

identical surroundings, and thus their EFG and shielding anisotropy will ïfor a given magnetically 

and chemically equivalent siteï be the same. In consequence, for a given crystallite orientation, 



32 

 

the Hamiltonians of the two isotopes will be affected by the same orientation-dependent terms23. 

Their difference will thus be given by eQ and g-driven scalings of their quadrupolar and chemical 

shift frequencies, respectively. Figure 2.1 presents a number of scenarios that will then arise when 

considering 2D QUICSY correlations, taking the 85Rb and 87Rb isotopes as prototypical examples. 

In these cases, the correlated frequencies will be given by the orientation-dependent frequency of 

each isotopeôs central transition: 

‫ ‌ȟ‍  ‫  ‫                                               (2.1) 

where the second order quadrupolar shift is given by13:  

‫  ὍὍ ρ ẗὃ‌ȟ– ÃÏÓ‍ ὄ‌ȟ– ÃÏÓ‍ ὅ‌ȟ–                (2.2) 

and the chemical shift is10,23,24:  

‫ ‫ ‏ ‏ ὃȟ       .           (2.3) 

‌ and b in these Equations are Euler angles that define the orientation of the static magnetic field 

in the principle axis system (PAS) of the EFG tensor.  The CSA and quadrupolar interaction tensors 

need not be coincident, and in general will have their respective PASs related by Euler angles 

((‪ȟ…ȟ‚); see Appendix A1.1 for more details).  For sites that are affected solely by a quadrupolar 

interaction (‫ π), the result of such inter-isotope correlation would be a narrow ridge, even 

for a powder pattern (see Figure 2.1a). The proportionality constant between the second-order 

quadrupolar effects of the correlated CTs will dictate the slope of the ensuing ridge; on the basis 

of Eq. (2) it will be:  
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                                                                                                                         (2.4) 

Here the subscripts 1,2 denote the two isotopes being correlated ïassumed in Figure 2.1 to involve 

87Rb and 85Rb, respectively. Adding an isotropic chemical shift does not affect the high resolution 

of this correlations, only shifting the ridge in both dimensions (Figure 2.1b). Under these premises, 

multiple sites with different isotropic chemical shifts could in principle still be resolved.  The 

addition of a collinear, axially-symmetric chemical shift anisotropy interaction alters the 

proportionality between the F1 and F2 frequencies over the powder; yet as long as hQ is close to 

zero, the correlation remains a narrow parabola-like contour (Figures 2.1c). Upon considering 

axially-asymmetric and noncoincident quadrupolar/CSA tensors, however, the nature of the 2D 
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correlation is further altered and the narrow ridge becomes broader ïwith the exact shape of this 

contour containing a wealth of information regarding the coupling parameters. Figure 2.1d depicts 

such a line shape for a case based on RbClO4
95.  

 

 

When approaching systems with multiple chemical sites (Figure 2.2a) the situation 

becomes more complex, as both same-site as well as inter-site correlations are possible. Same-site 

correlations refer to situations where the cross-peaks between the different isotopes, arise from a 

single magnetically (and thereby chemically) equivalent site in the unit cell. While such same-site 

correlations will still retain high resolution (Figure 2.2b), isotopological correlations among 

inequivalent sites will not preserve the high resolution. They will, however, lead to distinctive 

patterns containing potentially valuable information about the quadrupolar and CSA components 

of each site, as well as relating the tensors of the two sites (Figures 2.2b, 2.2c). The probability of 

all these correlations is expected to scale according to the dipolar interaction strength among the 

sites, scaled by the polarization transfer efficiency between the two isotopes. 

Figure 2.1. Calculated 2D QUICSY 

spectra of a single-site affected by either 

a second-order quadrupolar interaction 

alone (a), or by both chemical shift and 

quadrupolar interactions (b-d). (a) 2D 

QUICSY for an 
85

Rb / 
87

Rb isotope pair 

subject solely to a quadrupolar interaction 

with C
Q
=3.3 MHz and –=0.21 for 

87
Rb 

(‫ ρωφȢςφ MHz). The C
Q
 of 

85
Rb was 

scaled by the ratio of quadrupole 

moments of the nuclei.
19

 (b) Idem, but 

upon introducing an isotropic chemical 

shift ‏ -13.7ppm. (c) Idem as (b), but 

upon introducing CSA with ‏ -

13.8ppm. The CSA tensor is collinear 

with the quadrupolar tensor and is axially-

symmetric, i.e. – =0.  (d) Idem as (c) but 

for a non-coincident CSA tensor with 

– =0.61, ‪=94↔, …=28↔, ‚=87↔ (i.e., the 

literature parameters of RbClO4
4

53,54
).  
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Even when dealing with chemically identical sites, crystallographic symmetry operations 

such as reflections or glide-planes, may still lead to magnetically inequivalent sites; this is 

illustrated for the RbClO4 unit-cell in Figure 2.3a.95ï98  Here all four Rb atoms in the unit are 

crystallographically equivalent, yet are composed of two pairs of magnetically inequivalent Rb 

atoms related by glide-planes perpendicular to the a and c crystallographic axes.95 It follows that 

two different orientation-dependent frequencies are present per single crystallite orientation, 

leading to single-site QUICSY correlations like the one in Figure 2.3b. It should be noted that the 

relative orientation of the CSA and quadrupolar tensors remain the same for the two magnetically 

inequivalent sites, since both tensors are related by the same symmetry operations.95 The ensuing 

correlations will contain in this case a redundancy regarding the relative orientation of the 

quadrupolar tensors of the chemically identical yet magnetically inequivalent sites, of the type that 

typically arises in single crystal NMR measurements.96 Even further features will arise if 

chemically as well as magnetically inequivalent sites are present in the unit cell, as illustrated in 

Figure 2.3c. 

Figure 2.2. Calculated 2D QUICSY 

spectra of two crystallographic sites 

inspired by Rb2SO4. (a) Orthorhombic 

structure of Rb2SO4 (space-group 

Pnam213), with the Rb atoms displayed in 

brown and marked Rb1/ Rb2 to describe 

the two Rb sites, oxygen atoms in light 

pink, and S atoms in yellow (drawing 

generated with the VESTA program100).  

(b) 2D QUICSY for two 85Rb / 87Rb pairs, 

characterized by intra-site correlation 

terms: Rb1-Rb1 and Rb2-Rb2. The two 

sites are affected by the quadrupolar 

interaction and isotropic chemical shift  

(87Rb): CQ,1=2.72 MHz, 

–ȟ=0.93, ‏ ȟ=42.6 ppm; CQ,2=5.29 

MHz, –ȟ=0.12, ‏ ȟ=15.5 ppm. (c) 2D 

QUICSY including intra-and inter-site 

correlation terms between the two sites, 

with equal probabilities. (d) Idem as (c) 

with the addition of the following CSA 

parameters: ‏ ȟ 2.7 ppm, 

 – ȟ 0.26, ‪=76↔, …=17↔, ‚=110↔; 

‏ ȟ -25 ppm,  – ȟ=0.54 ,‪=9↔, 

…=37↔, ‚=270↔. The parameters are based 

on the literature values of Rb2SO4
59,95. 
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Figure 2.3. Calculated 2D QUICSY spectra for magnetically inequivalent sites inspired on RbClO4. (a) 

Orthorhombic structure of RbClO4 (space-group Pnma99), with the Rb atoms displayed in brown, oxygen atoms in 

light pink, and Cl atoms in green (drawing generated with the VESTA program100). Pairs of crystallographically 

equivalent yet magnetically inequivalent Rb atoms are related by glide-planes (shown in light blue); the NMR tensors 

of these sites are related by a symmetry operation. (b)-(c) Analytical calculations of 2D correlation experiments 

between 85Rb and 87Rb with two magnetically inequivalent sites for each crystallographic site. (b) 2D spectrum of a 

crystallographic unit consisting of two magnetically inequivalent sites, with a relative orientation of f=-112 ↔, k=103↔ 

, z=24↔ based on the single crystal data of RbClO4
95. The other NMR parameters are identical to that of Figure 2.1d.  

(c) 2D spectrum with two crystallographic sites, each of them consisting of two magnetically inequivalent sites with 

relative orientations of ‰ ψτ ȏȟ‖ ρχτ ȏȟ‒ ρππ ȏ and ‰ σω ȏȟ‖ τσ ȏȟ‒ ωχЈ, based on the single 

crystal data of Rb2SO4 (see Appendix A1.1 for details of the calculation)95
.  Other NMR parameters are as in Figure 

2.2d. 

 

2.4 Experimental Results 

Figure 2.4 presents pulse sequences written to test the 2D QUICSY correlation experiment. In 

order to tune the experiment, a 1D CP-CPMG nutation sequence (Figure 2.4a) was utilized to find 

the optimal DFS pulse,61,101,102 and good CP matching conditions linking the CT of the two Rb 

isotopes. Given the different spin numbers of the Rb isotopes ïI(87Rb)=3/2 and I(85Rb)=5/271,103ï 

and the selective ‫ Ḻ‫  irradiation conditions in which experiments were performed, optimal 

CP was found when 2w1(
87Rb)  3w1(

85Rb).  
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Figure 2.4. Sequences used in this study. (a) 1D CP-CPMG acquisition preceded by a double-frequency sweep (DFS) 

block on 85Rb for signal enhancement. (b) 2D QUICSY sequence involving a constant-time CP-CPMG with whole-

echo acquisitions in t1 and t2, preceded by a DFS block (see section 2.2 Materials and Methods for the phase-cycling 

employed). (c) Coherence transfer pathways for the sequence in (b): after the first excitation pulse on 85Rb a constant-

time acquisition enables the sampling of a full SQC echo in t1, which is then transferred by CP to 87Rb. On 87Rb only 

a single (-1) SQC is then detected, throughout a CPMG train. Note that the 4-step phase-cycling executed in t1 will 

also allow ɝὴ σ (marked in light grey) to evolve, but this contribution is likely negligible under static conditions. 

 

After suitable tuning, varying the flip-angle of 85Rb clearly reflected on the phased CPMG signal 

of 87Rb ïverifying the direct correlation of both isotopes (Figure 2.5a). Notice that complexities 

associated with CP between half-integer quadrupoles undergoing MAS72ï74,103 will be absent under 

QUICSYôs static conditions, which are compatible with conventional CP transfer protocols. Still, 

bandwidth and relaxation limitations may arise ïparticularly given the short T1s and relatively low 

B1s for low-g nuclei like 85Rb. As part of this study, we tested the effect of these factors, by 

monitoring the 85Rb CT line shapes and intensities arising after spin-lock for both RbClO4 and 

Rb2SO4 under static conditions (Figure 2.5b-c). During a spin-locking pulse applied on the 85Rb 

channel at a single offset, the line shape of 85RbClO4 was slightly altered as a function of pulse 

length, but its main features were preserved. The rapid, anisotropic relaxation of the 85Rb (in 

RbClO4  T1(
85Rb)= 80 ms23) also meant that after 70 ms of spin-lock, a reduction in intensity and 

some distortions became visible. The limited CP bandwidth problem could be overcome by 

frequency-stepped acquisitions: a Rb2SO4 pattern arising from the summation of CP traces 

collected using three different offsets on the 85Rb channel, yielded a faithful preservation of the 

overall line shape (Figures 2.5c).104ï107 By contrast, thanks to longer T1 and T1r (T1(
87Rb)= 210-
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220 ms 23,108), the spin-lock on the 87Rb maintained the line shapes for all the compounds examined 

in this study.  Reverting the direction of the transfer used ïi.e., going from 87Rb to 85Rbï resulted 

in diminished efficiency; this is likely due to the short T1 and T1r of 85Rb23, which were on the 

order of the contact-times used. 

 

It is worth noting that other variants for establishing this kind of correlations were also 

tested including, for protonated compounds, intermediate transfer through 1Hs. In addition to a 

conventional CP, this study also considered a variation of CP where the spin lock pulse on the 85Rb 

channel was replaced by WURST pulse (WCP), followed by a WURST-CPMG (WCPMG) 

acquisition block49 (Figure 2.6). The purpose of this variation was to ensure broadband polarization 

transfer from the 85Rb channel. This sequence is similar in nature to BRAIN-CP-WCPMG50, but 

involves the reversal of the WURST pulse and spin lock. The results of a 1D CP-CPMG 

experiment were almost identical in SNR and line shape to those of a 1D WCP-WCPMG 

experiment (Figure 2.6c-d). For the constant-time experiment at t1=0 (maximal signal) the SNR 

dropped by a factor of 2-3 for the WCP-WCPMG experiment, whereas it remained similar for the 

CP experiment (due to the lack of flip-back pulse). Due to this difference in signal, while WCP-

WCPMG sequence could be of use for wider patterns, the regular CP version described above, 

appeared the most advantageous option in terms of signal-to-noise ratio (SNR) for the compounds 

studied here  

Figure 2.5. (a) 1D CP-CPMG 

nutation experiment on RbClO
4
, 

showing that the phased CPMG 

signal of 
87

Rb followed the 
85

Rb 

nutation. (b,c) 
85

Rb CT line shapes 

and intensity as a function of spin-

lock (SL) length given in ms for (b) 

RbClO
4
 and (c) Rb

2
SO

4
 using an 

RF amplitude of  ca. 26 kHz. The 

Rb
2
SO

4
 spectrum is a sum of sub-

spectra collected at three different 

transmitter frequency offsets (18,-

10 and -35 kHz), marked by the 

yellow arrows. The RbClO
4
 

spectrum was collected at a single 

frequency offset marked by a 

yellow arrow.  
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With the optimization of the hetero-isotopic correlation thus established, constant-time 2D 

experiments incorporating the DFS, the CP and a CPMG acquisition block to improve the SNR 

(Figure 2.4b), were executed. Whole-echo t1 acquisitions were utilized for obtaining absorptive 

2D line shapes as they yielded higher sensitivities than hypercomplex (or States92) acquisitions. 

All 2D spectra are thus presented in magnitude mode. The phase cycling for these 2D correlation 

experiments included a full four-step nested phase cycle of the first three pulses ‰ -‰  (for a total 

64-step phase-cycling), in order to select only a single SQC pathway on the 85Rb (Figure 2.4b).  

Figure 2.7 shows representative 2D QUICSY spectra of RbClO4 and Rb2SO4. The 

experimental 2D spectra bear close resemblance to analytically calculated 2D correlations based 

on the literature values ïdespite the fact that the calculated spectra disregard the inefficiencies and 

heterogeneities of the DFS, CP or CPMG processes. As for the literature values employed: 

different sources list somewhat different chemical shift parameters, particularly with regards to the 

relative chemical shift tensor orientation23,95,108,109. A good match was found between the 

experimental 2D QUICSY spectrum of RbClO4 and the literature set in Ref. 95 ïwith the exception 

that ‏ ôs sign had to be reversed for achieving this (‏ -13.8 ppm; a negative value of 

‏  was also reported in a previous study as well108). It can be seen that the experimental 

spectrum is slightly asymmetric compared to the ideal analytical calculation; this could reflect the 

offset-dependent CP efficacy mentioned earlier. Differences between experimental and calculated 

spectra may also arise due to the simplifying assumption of equal probability for all transfers 

regardless of orientation; still, differences between experiments and analytical expectations are too 

Figure 2.6. Swept WURST CP 

(WCP) sequences employed. (a) 

a WCP block, followed by 

WURST-CPMG acquisition 

(1D WCP-WCPMG). (b) 2D 

constant-time WCP-WCPMG 

with an evolution period T, and 

a flip-back p/2 pulse before the 

swept contact pulse. (c-d) 

Comparison between CP-

CPMG (c) and WCP-WCPMG 

(d) experiments on Rb2SO4. 

Both are plotted in the same 

scale in the y-axis.  
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small to enable their refinement. Notice how the extensive cross-peak structure in the RbClO4 

spectrum clearly indicates more than one magnetically inequivalent site per single crystallographic 

unit (Figures 2.3); this is a type of information that arises in homonuclear correlations110,111 and in 

single-crystal NMR, but is not usually available from correlations among different NMR species. 

  

 
 

Rb2SO4 2D QUICSY experiments acquired at three different 85Rb offsets (Figure 2.7c) also 

show a clear fine structure. Literature sources differ somewhat with regards to the chemical shift 

parameters and orientation of the two different sites of Rb2SO4
24,95,112, yet again our data shows a 

good match with  the literature values in ref. 95 (Figure 2.7d).   

Figure 2.7. Experimental and 

calculated 2D QUICSY spectra of 

RbClO
4
 (a,b) and of Rb

2
SO

4
 (c,d). 

(a) Experimental parameters: CP 

contact-time of 45 ms; CP RF 

amplitude ~30 kHz on the 
85

Rb 

channel and ~45 kHz on the 
87

Rb 

channel. (b) Analytical calculation 

with the same parameters as Figure 

2.3b. The calculation was 

performed with 36 points in F
2
 

(sw=100 kHz) and 12 points in F
1
 

(sw
1
=50 kHz). (c) Experimental 

QUICSY spectrum of Rb
2
SO

4 

acquired at three different 
85

Rb 

offsets- -35 kHz, -10 kHz, 18 kHz- 

and subsequently summed 

together. The 2D was acquired 

with a CP contact time of 70 ms 

and the same matching conditions 

as RbClO
4
. (d) Analytical 

calculation with literature 

parameters of Rb
2
SO

4
 identical to 

figure 2.3c. Simulations used 16 

points in F
2
 (sw=100 kHz) and 25 

points in F
1
 (sw

1
=150 kHz).  
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Figure 2.8 Difference spectra arising between the experimental data and analytical calculations based on the 

parameters depicted in figure 2.7. Both subtracted 2D datasets were normalized to a maximum of 1 before taking their 

difference, and then subtracted over the same range. (a) Difference spectrum for the RbClO4 data in figure 2.7a-b (c) 

Difference spectrum for the Rb2SO4 data in figure 2.7c-d. 

 

 
Figure 2.9. Difference spectra arising from fitting the experimental data of RbClO4.  Only a few parameters were 

fitted at a time, all based on the analytical expressions for the NMR frequencies. A numerical optimization function 

was used to minimize the residual norm based on an initial guess (literature results) and a range (with upper and lower 

bound) for each parameter. (a) Difference spectrum based on fitting CQ, –, ‏  and – . The result of the best fit 

was CQ=3.25 MHz, – πȢρχ, ‏ ρρȢυ ppm and – πȢυφ. (b) Difference spectrum based on fitting CQ, 

‏ ,– , – , f, k  and z. The result of the best fit was CQ=3.29 MHz, – πȢς, ‏ ρρȢυ ppm, f=-120 ↔, 

k=83.8 ↔  and z=33.4 ↔. (c) Difference spectrum based on fitting ‪ȟ …, and ‚. The result of the best fit was , ‪=164↔, 

…=35↔, ‚=56↔.  

 

Figures 2.8 and 2.9 further explore this potential, by providing difference maps between 

the theoretical and experimental data as well as a fitting procedure attempting to extract the 

coupling parameters from the RbClO4 data, respectively. From these and other tests we conclude 

that although QUICSY can be a useful tool for extracting this kind of tensorial information, dealing 
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with multiple correlated sites might demand the acquisition of higher quality experimental data ï

as well as more optimized fitting procedures than hereby assayedï for a reliable extraction of the 

parameters involved. Alternatively, however, QUICSY might provide a relatively straightforward 

experimental confirmation of parameters estimated by other means (e.g., DFT calculations). In this 

regard, is shows some parallels with static 2D nutation line shape experiments that have been 

proposed in the literature.68 

 

2.5 Conclusions and Outlook 

This study discussed 2D QUICSY, an experiment with the potential to improve the 

resolution and information-content of static NMR spectroscopy on half-integer quadrupoles. This 

type of correlations should thus find usefulness in cases characterized by large second-order 

broadening, which render MAS less effective, and are best measured under static conditions. The 

approach is aimed at exploiting the proportionality between the anisotropic broadenings of two 

isotopes belonging to the same element. The defining difference among these isotopes arise from 

different nuclear quadrupole and magnetic moments, which will shift the overall center of the 

patterns and scale their anisotropies. Calculations showed that 2D QUICSY spectra quickly gained 

complexity when considering multiple magnetically inequivalent sites endowed with sizable 

chemical shift anisotropies. The ensuing correlations led to off-diagonal patterns even for single 

sites. Sequences based on CP transfers were utilized to test these experiments on compounds, 

focusing on the 85Rb-87Rb isotope pair as paradigm. Experimental results validated QUICSYôs 

ability to convey information about the size and relative orientations of the quadrupolar and 

chemical shift interaction tensors. The experiments also demonstrated that straightforward 

analytical 2D calculations that assumed ideal polarization transfers, presented a good framework 

to describe and match the experimental data. From all this, we conclude that the use of such 

correlation experiments could also yield understanding on the structure of new compounds with 

unknown parameters. Potential developments on the basic experiments performed here, include 

combining this experiment with hyperpolarization methods in order to increase the experimental 

resolution. Additionally, variations of the sequence that combine broadband polarization transfers 

and sequences mediated by protons could be considered more in depth.     
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3 The Steady-State Free Precession Experiment in Solid-State NMR: How, When, 

Why 

3.1 Introduction 

Solids NMR is often challenged by low sensitivity. As prefaced in the introduction, this has 

stimulated the search for optimized data acquisition approaches such as the CPMG sequence, 

which can increase the sensitivity 

of inhomogeneously-broadened 

spectra ïincluding the NMR of 

quadrupolar nuclei.  Steady-state 

free precession (SSFP) is another 

sequence known to provide 

optimal SNR per unit time; 

widely applied in clinical MRI, 

but not in solids NMR. We 

explored SSFPôs implementation 

in the realm of quadrupolar NMR on static and spinning samples.  

The present study explores if SSFP could potentially provide an improvement in the spectral 

SNR per unit of time over CPMG, particularly in the case of quadrupolar central transition NMR. 

This problem is initially described with the aid of simulations, which help to introduce the 

experiment within the framework of solids NMR, and to define the relative merits of SSFP vs 

optimized (Q)CPMG sequence. Thereafter, these guidelines are illustrated with experiments on a 

variety of prototypical solids under static and spinning conditions, where SNR per unit time 

increases ranging from å1 to å100 times over QCPMG, are demonstrated. Finally, the issues 

remaining to overcome are briefly discussed.  

 

3.2 Materials and Methods 

3.2.1 Samples 

This study investigated samples of RbClO4 (Strem Chemicals, 99.9%), Rb2SO4, RbBr 

(Sigmal Aldrich), NaC2O4 (Alfa Aesar), NaSO3 (Fluka Chemicals, >98%), boron carbide (Alfa 

Aesar, >99%), Na2B4O7·10H2O (Merck, >99.5%) and Al2O3; all these were used as received 

Figure 3.1. a Scheme depicting the signal and enhancement of SSFP 

compared to CPMG in the different regimes of low and high T2/T2
*   
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without further purification. Samples were ground into fine powders and packed in 1.6 mm or 4 

mm zirconium NMR rotors before measurement under static or spinning conditions. 

3.2.2 Solid-State NMR Spectroscopy 

NMR experiments were performed on a Varian VNMRS console interfaced to an Oxford 

14.1 T (ɜ0(
1H) = 600 MHz) wide-bore magnet.  Varian 1.6 mm triple-resonance HXY and 

Chemagnetics 4 mm triple-resonance magic-angle spinning (MAS) probes were used for this 

study. MAS NMR spectra were acquired at spinning speeds ɜrot = 4-25 kHz.  The SSFP pulse 

sequence was written as a two-pulse a/-a looped acquisition (Fig 3.2b); no further phase-cycling 

was used. For a continued steady-state acquisition a maximal number of echoes was acquired per 

scan, as given by a maximum number of 524k sampled points that each FID could accommodate. 

When having to collect more echoes than this could accommodate, multiple scans were collected. 

The interscan delay was set to up to 2TR (TRå0.2-25 ms) ï an interruption which was negligible 

compared to the total acquisition time and had negligible influence in the steady-state. SSFP data 

were acquired in all cases for at least 5T1 times ïand in most cases substantially longer timesï in 

order to retrieve a reliable value reflecting the steady-stateôs SNR. The resulting SSFP signal train 

was spliced into individual FIDs; these were co-added, zero-filled, subject to FT, phased with 0th 

and 1st order phase corrections and, due to the 1st order phase correction, baseline corrected.  

CPMG spectra were acquired with a recycle delay of 1.3T1; given samples with multiple 

sites and T1 values, the longest one was chosen for setting the TR.  A sixteen-scan phase cycling 

was used in all acquisitions. The number of echoes in the CPMG was optimized for achieving the 

optimal SNR per unit time, as further detailed below.  CPMG-derived spectra were obtained by 

splicing the full echo train into individual echoes, co-adding them, zero-filling the resulting signal, 

and applying a FT; the ensuing spectra are presented in magnitude mode.  Only in the case of the 

Rb2SO4 MAS spectrum a Gaussian line-broadening (500 Hz) was applied prior to zero-filling and 

FT ïboth for the SSFP and the CPMG data.  

Static T1 values were measured with saturation-recovery sequences, using a train of short 

pulses (35-100 repetitions) separated by Ò1.5 ms for saturation. T1 values under MAS were 

measured using phase-modulated saturation recovery113, with a saturation-duration of 20 rotor 

periods. T2 values were measured by Hahn echo experiments.  

SNR was in all cases calculated as the maximum of the signal divided by the standard 

deviation of the noise. The latter was assessed through a ñnoise spectrumò: an independently 
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acquired data set, collected and processed in manners identical to the SSFP or CPMG experiments 

ïexcept that all the pulse-widths had been set to zero. This was done in order to avoid potential 

biases associated to baseline variations, particularly given the different phase correction 

procedures required for the CPMG and SSFP data. SNR per unit time was assessed without 

applying any weighting/line-broadening of the signals (including in the above-mentioned Rb2SO4 

case, where line broadening was only used for showing the spectra in Fig. 3.12), using the 

following terms: ὛὔὙ ȟ Ѝ ᶻ
 and ὛὔὙ ȟ

Ѝ ᶻ
. Since the CPMG spectrum was displayed in magnitude mode, the 

ñnoise spectrumò in that case was also compared to in magnitude for the CPMG SNR assessment.  

 

3.2.3 Simulations 

SSFP and CPMG sequences were simulated using a Matlab-based Bloch simulator114, 

focusing in particular on the central-transition of a static half-integer quadrupole spin I, affected 

by T1 and T2 relaxation but devoid of spinning or of other couplings/shifts. For simplicity this 

static second-order central-transition (CT) line-shape was assumed axially symmetric, and given 

by an evolution frequency13 ‫
ȟ

 ὍὍ ρ ẗρ

ÃÏÓ‍ ωÃÏÓ‍ ρ, where ὅ , wo and b are the quadrupolar coupling constant, the Larmor 

frequency and the polar angle with respect to the static magnetic field, respectively. Computer 

simulations of ideal powder patterns were also performed using the Simpson94 programming 

software. 

 

3.3 Theoretical and Numerical Considerations 

3.3.1 SSFP: From L iquids to Solids 

As mentioned, the SSFP sequence is composed of a string of RF pulses of flip angle ‌, 

separated by periods of free precession lasting a constant repetition time TR (Figure 3.2a). A 

variation of the sequence involves imparting into this string of pulses a constant phase increment 

ïin its most common variation involving a 180ę phase increment, leading to the ñbalancedò SSFP 

variant commonly used in imaging (Figure 3.2b)115. This phase incrementation/alternation leads 

to a shift in the frequency-response of the sequence, whose consequences are further discussed 
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below.  For completion Fig. 3.2c shows the conventional CPMG pulse sequence, with the 

assumption that the first direct-excitation signal acquisition has been skipped.58,59,116.  

 
Figure 3.2. Pulse sequences compared in this study. (a) SSFP with constant flip angle a and repetition time (TR), 

(b) SSFP with alternating 180ę phases in the pulses. (c) CPMG sequence with a constant echo time (TE) and full -echo 

acquisitions.  

 

SSFPôs key feature is the establishment of a steady-state whereby, following an initial 

transient period lasting approximately υὝ, the signal intensities following each pulse a become 

identical115 (Figure 3.3a). As the initial transients can generate artifacts if their signals are included 

in the data processing, MRI usually forgoes the acquisition of these signals; in fact, preparation 

methods are commonly utilized in imaging to accelerate the convergence to a steady-state117,118. A 

second important feature of SSFP is an ability to take its steady-state signal to a high value, leading 

to the rapid sampling of numerous FIDs with good sensitivity.  For an on-resonance irradiation 

case this steady-state will depend on TR, on the intrinsic T1 and T2 values of the site, and on the 

chosen flip angle a.  SSFPôs optimal sensitivity arises for similar T1 and T2 and TR << T1, T2: the 

steady-state transverse magnetization can then approach 50% of the thermal magnetization for a 

flip angle of 90ę, even if the ensuing signal will be both T1 and T2 weighted. Table 3.1 summarizes 

this well-known on-resonance isotropic signal behavior for the two SSFP variants; notice that 

when TR>>T2 ‌ ᴼɻ ÁÃÏÓὩ
ὝὙ
Ὕρ , which is the Ernst angle119.  

Table 3.1. Transverse signals ὓ , optimal excitation angle aopt and ensuing maximum 

signal ὓ , for on-resonance constant- and alternating-phase SSFP sequences.  

 Alternating phase (a/-a) SSFP Constant phase (a) SSFP 

╜╣▼◄▄╪▀◐▼◄╪◄▄ⱨ  5,120  ὓ ρ Ὁ ÓÉÎ‌

ρ Ὁ Ὁ  Ὁ  Ὁ ὧέί‌
 

ὓ ρ Ὁ ÓÉÎ‌

ρ Ὁ Ὁ  Ὁ  Ὁ ὧέί‌
 

♪▫▬◄ⱨ  121 
ÁÃÏÓ

Ὁ Ὁ

ὉὉ ρ
 ÁÃÏÓ

Ὁ Ὁ

ὉὉ ρ
 

╜╣▫▬◄ⱨ  121 

 

 

ὓ ρ Ὁ

ρ Ὁ ρ Ὁ
 

ὓ ρ Ὁ

ρ Ὁ ρ Ὁ
 

ὓ : Thermal equilibrium magnetization. Ὁȟ Ὡ ȟ 
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Of interest here are solids NMR experiments, in particular on quadrupolar nuclei. The 

orientation dependence of the quadrupolar frequency could lead to off-resonance effects and result 

in a complex nutation behavior, something that is not captured by the description in Table 1. These 

nutation and off-resonance effects will depend on all the parameters above (a, T1, T2, TR), but 

also on the RF amplitude ɜ1 as well as on CQ and on a crystalliteôs orientation
122,123.  Still Figure 

3.3, arising from calculations on the transverse steady-state signal (MT) for a quadrupolar CT of a 

powdered sample subject to CQ=7 MHz (h=0, Larmor frequency n0=196.4 MHz), depicts a 

behavior that is not unlike that expected from a regular on-resonance case ïincluding high steady-

state magnetizations, and similar relaxation-times dependencies. 87Rb (an I=3/2 species) 

experiments on RbBr (which has a single CQ~0 site23) show excellent agreement with this kind of 

theoretical calculations. We note that the Bloch simulations might not capture fully accurately the 

dynamics, especially if multiple quantum coherences are excited 124.When extending these 

simulations to multiple sites with different CQs, however, nutation-related effects may arise; 

optimal sensitivity SSFP flip angles in the large-coupling cases will then be scaled by the usual 

(I+1/2) factors122. Even when dealing with multiple sites possessing appreciable similar CQs, very 

different T1 and T2 values of coexisting sites may lead to conflicting pulse-angle demands, as well 

as signal weighting by the T1 and T2 of the different sites.  These, however, are limitations that 

will affect as well the acquisition parameter optimization of a CPMG/QCPMG experiment.  

 

Figure 3.3.  (a) SSFP Bloch simulations showing the transverse magnetization MT reaching steady state, for a powder 

average that incorporated the second-order quadrupolar line shape of a spin-3/2 central transition (CT). (b) SSFPôs 

MT at steady-state as a function of the flip angle; the first point following the +a pulse is plotted. Additional simulation 

parameters: CQ=7 MHz, Larmor frequency w0= 196.4 MHz (corresponding to 87Rb at 600 MHz), T1=220 ms, TR=1.28 

ms, and T2ós ranging between 0.22 ms and 220 ms. 

 

 



47 

 

3.3.2 SSFP Echoes and SSFP Spectra 

As implied by Fig. 3.2 SSFP is, like CPMG, an echo experiment120,125. The echoes in SSFP, 

however, differ from those in CPMG both in their timing and in their origin. Timing-wise, on-

resonance SSFP signals peak right after the conclusion of a pulse and immediately before the 

application of the subsequent pulse. The first, FID-like part of this SSFP response will always 

exist; the second, ñreversed-FIDò portion preceding the subsequent pulse will fail to form for if 

TR is longer than T2 (e.g. ~3T2ÒTR<<T1; see Fig. 3.4a), but will form when TR<<T2, T1 (Fig. 

3.4b)126,127. This reversed-FID segment is a combination of spin- and stimulated-echoes, and hence 

weighted by both T1 and T2; the two SSFP signal components will consequently not be necessarily 

symmetric, or mirror images of one another. Interestingly, for the phase-alternated version of 

SSFP, an on-resonance magnetization can also undergo refocusing at TR/2 if the transverse 

dephasing is small over each TR128,129; such conventional spin-echo-like behavior, however, will 

rarely be seen for powder patterns as a result of the relaxation effects mentioned above, and of 

offset effects.   

 

Figure 3.4.  Bloch simulations showing SSFP signals and spectra for the parameters assumed in Figure 3.3, and for 

TR=1.28 ms and T1=220 ms. (a) Sum of the signals for T2=0.22 ms (<TR). (b) Sum of the signals for T2=14 ms (>TR). 

Notice that in this case there is an echo occurring during the second half of the TR. (c) Spectrum processed from the 

óidealô FID in panel (b), by summing the two halves processed separately (in yellow), by the ñtime-shiftingò of the 

data into a single echo (in blue); also show is the ideal CT line shape as simulated with Simpson (gray, dashed line). 

(d) Idem as (c) but upon processing a more realistic signal simulated with a 1 ms pulse and a 10 ms dead time. The two 
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halves processed separately (in yellow) were subject to an adequate first-order phase correction before summing; this 

could not be done for the ñtime-shiftedò data (in blue). The simulated spectra were apodized with Gaussian line-

broadenings of 900 Hz (whole echo) and 1800 Hz (sum of halves).   

 

It follows from these arguments that to obtain spectra from data collected via SSFP, two 

procedures can be adopted. In one of these the ñFID-likeò and ñreversed-FIDò halves are separated, 

processed independently, suitably phased, and co-added up. Alternatively, the echoes can be 

cyclically ñtime-shiftedò until they resemble CPMG-like echoes, processed as in the latter 

experiment, and the corresponding spectrum thus presented in magnitude mode. These two options 

led to the same spectra, but only for an echo simulated under ideal conditions (Fig. 3.4c). For an 

echo simulated with a finite pulse-width and a reasonable dead time, the sum-of-halves spectrum 

still accurately represents the ideal line shape after being subject to adequate first-order phase 

corrections, while the ñtime-shiftedò echo becomes distorted due to the evolution that occurs 

during the pulse and the dead time (Fig. 3.4d). 

 

3.3.3 Offset-Dependence and SSFP Powder-Pattern Signals 

A main feature limiting the applicability of the SSFP sequence rests in its high sensitivity 

to the spinsô offset.  How such sensitivity arises can be visualized for the extreme case of T1, T2 

>> TR and an on-resonance irradiation: each time an a pulse acts an additional nutation will occur, 

and therefore the resulting steady-state signal will be on average zero.  More generally, the 

amplitude of the steady-state signal arising for the SSFP sequences is periodic with respect to the 

offset Dn and will vanish whenever Dn.TR = 2np  .  Alternatively, for the alternating-phase SSFP 

version, the signal vanishes whenever Dn.TR ὲ“120,126. The responses of the constant- and 

alternating-phase SSFP variants are thus shifted by  in the frequency domain (Fig 3.5a).1 The 

ensuing intensity ñdipsò in all SSFP variants are a major concern, leading to so-called ñbanding 

artifactsò that, particularly in regions subject to high Bo field inhomogeneities, will significantly 

distort MRI images. Hence, despite its sensitivity advantages, SSFP-based MRI scans are carried 

out only if the TR< T2* condition can be set, and thus DBo-derived bands be avoided115.  NMR 

spectral acquisitions, however, necessitate the data sampling to last for times TR> T2
* in order to 

prevent the truncation of the signals, and thus intensity distortions may ensue in the SSFP 

                                                      
1 In general, a phase increment of ɝ‰ between adjacent pulses will lead to a shift of the frequency response in the 

SSFP sequence of , acting basically as a shift in the carrier frequency.   
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spectra119,130.  This discourages the use of SSFP within the framework of high resolution NMR.  

On the other hand, it is apparent from the central transition simulations presented in Fig. 3.4 that 

this is not a show-stopper in powder pattern NMR acquisitions, and that suitable processing of 

SSFP signals can produce wide-line spectra that are very close to the ideal.   

 

It is possible to rationalize the absence of offset-dependent banding artifacts in these experiments, 

by considering the two aforementioned TR vs T2 regimes. In the long repetition time, TRÓ3T2 

regime, E2<<1 and the transverse magnetization decays to zero at the end of each TR119,130. The 

intensity and phase abnormalities related to offset-dependent nutation effects, will thus not be 

present for these cases (see Figures 3.5b, 3.5d).  In the opposite, TR<<T1,T2 case, the spectral 

resolution will be equal to the periodicity of the frequency response of the SSFP sequence (. 

The aforementioned dips will therefore show up (Fig 3.5a), yet in the absence of zero-filling  and/or 

following apodization, the line shapes of both constant- and alternating-phase SSFP as well as 

their intensities, barely differ from one another and/or from an ideal powder lineshape (Figures 

3.5c). This does not mean, however, that the ñdipsò have no consequence in the final spectra. For 

the SSFP-optimal T1=T2 case, for instance, single-isotropic-spin simulations predict, as mentioned 

earlier, a signal proportional to 50% of the thermal equilibrium magnetization131; powder pattern 

simulations on the other hand (Fig. 3.3b), make this steady-state signal only å30% of the thermal 

magnetization. It follows that while not evident in spectral distortions, the excitation dips affect 

Figure 3.5. Frequency response of SSFP for 

two different regimes (a,b) and corresponding 

spectra (c,d) simulated for TR=1.28 ms and 

T
1
=220 ms at steady state. a) Frequency 

response of the constant phase SSFP sequence 

(a, purple) and of the alternating phase SSFP 

sequence (a/-a, yellow) for T
2
=14 ms and an 

optimal flip angle a=20ę. b) Idem for T
2
=220 

ms and the optimal flip angle a=6ę. c) Spectra 

processed from the FIDs corresponding to 

panel a, compared to pulse acquire simulations 

(black, dashed). Spectra intensity were each 

normalized to 1 to compare their line shapes, 

however the maximal intensity was ca. 30% 

higher for constant-phase SSFP. d) Spectra 

processed from the FIDs corresponding to 

panel b. In this case the relative intensity of 

both SSFP experiments was the same. 
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the powder pattern; but they do so in a relatively even manner, that influences sensitivity but not 

line shape. 

 

3.4 Results  

3.4.1 Experimental Corroboration of the L ine Shape Integrity Afforded by SSFP 

While the previous considerations look promising in terms of collecting faithful line 

shapes, we found it necessary to assess these theoretical predictions experimentally before dealing 

with sensitivity considerations.  SSFP and CPMG line shapes were thus compared for two 

compounds, sodium oxalate (Na2C2O4) and rubidium perchlorate (RbClO4), which are 

characterized by single 23Na and 87Rb sites, respectively.  Since according to the simulations both 

constant- and alternating-phase SSFP variants do not display significant difference in line shapes 

or intensities, we focused the experiments on the alternating-phase SSFP sequence. Also, as in the 

case of RbClO4 there is a significant chemical shift anisotropy (CSA) at the employed field58, we 

considered it worth to assess the single-site line shapes under both static and MAS conditions. In 

the latter case the SSFP pulses were applied rotor synchronized, one per several rotor periods, in 

a similar fashion as is usually done in CPMG MAS NMR. The MAS rate applicable is limited by 

the experimental requirements and the hardware available, and there are no limitations arising from 

the use of SSFP.   Notice as well that the choice of Na2C2O4 and RbClO4 represents the two distinct 

cases presented in Figure 3.5: the 87Rb in RbClO4 fulfills the TR<<T1, T2 condition both in its 

static and MAS experiments, and it is hence theoretically subject to the aforementioned intensity 

dips.  By contrast the 23Na in Na2C2O4 fulfills, both under static and MAS conditions, 3T2 

<TR<<T1, and hence should not present ñdipsò in its SSFP frequency response. In all cases, the 

matching between the SSFP spectra and the simulated ideal lines shapes expected from literature 

values is excellent,37 and comparable to the results afforded by CPMG and Hahn echo experiments 

(Fig. 3.6). Even without any apodization distortions are not obvious in the 87Rb case, presumably 

due to broadening caused by homonuclear dipolar interactions and/or magnetic field 

inhomogeneities. The experimental SSFP echoes for both nuclei and under both conditions are 

also in excellent agreement with the theoretical expectations introduced in Fig. 3.4.  
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Figure 3.6. Comparison between normalized SSFP and CPMG experimental spectra (brown, blue) and ideal 

simulated line shapes (black) for the indicated compounds. (a,b) 23Na NMR spectra of Na2C2O4 acquired under static 

and MAS (5 kHz) conditions, respectively, at 14.1T. The parameters of the Simpson simulations are CQ=2.5 MHz, 

–=0.75, and line broadenings of 1000 and 100 Hz for the static and MAS simulations, respectively. The acquisition 

times for the static and spinning SSFP data were 38 and 45 s respectively; for the CPMG data they were 150 and 173 

s respectively. (c,d) Idem but for 87Rb NMR spectra of RbClO4. The acquisition times for the static and spinning SSFP 

data were 39 and 40 s and for the CPMG data 5.5 and 52 s, respectively. The simulation parameters for this case are 

CQ=3.49 MHz, –=0.17, ‏ =-9.3 ppm – =0.63, relative orientation of CSA tensor and quadrupolar tensor: ‌=29↔, 

‍=-27.5↔, ‎=86.5↔. Line broadening of 400 Hz and 150 Hz were used for the static and MAS simulations, respectively.   

 

 

Considering that the nutation and off-resonance effects may also depend on the RF 

amplitude ɜ1 and pulse angle a for a given TR, we examined how both factors affect the line shapes 

for the model RbClO4 case. The resulting CT spectrum (Fig. 3.7) did not seem sensitive to either 

the RF amplitude (between 16-93 kHz) or the nutation-angle under MAS, but varied slightly under 

static conditions for a high RF amplitude (93 kHz) and larger flip-angles (70ę-90ę). This is most 

likely due to the onset of nutation effects, which homogeneously scale as I+1/2 at the lower powers 

but no longer do so at the higher powers, and are to some extent ñsmearedò by the sample rotation 

under MAS.  
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Figure 3.7. Effect of flip angle (a, in degrees) and power on the SSFP spectral shapes of RbClO4 under static (a) and 

5 kHz MAS (b). In the static spectra (a) TR=1.3 ms, whereas in the MAS spectra (b) TR=4 ms. 

 

3.4.2 SSFP vs CPMG: SNR Per Unit Time.  

With the line shape integrity arguments validated, the next step in the analysis sought to 

establish the regimes under which SSFP could be advantageous sensitivity-wise over CPMG, and 

vice versa. For simplicity it is convenient to neglect first off-resonance effects, as this allows one 

to gain a basic intuition onto which parameters matter most in the relative SNR per unit time 

between these two experiments. Appendix A2.1 presents this analysis, which predicts that the ratio 

between the optimal SNR/ЍὸὭάὩ (ὛὔὙ ȟ ) between single-spin on-resonance SSFP and 

CPMG acquisitions will be given by  

ȟ

ȟ

ᶻ

Ȣẗ

Ȣ ᶻ
                                                                        (3.1) 
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Where Ὁȟ Ὡ ȟ.  Ὕᶻ dictates the decay and the rise of each individual echo due to anisotropic 

spin interactions or field inhomogeneities, whereas Ὕ dictates the total coherence lifetime. In this 

analysis we have set TR and TE as multiples of Ὕᶻ: ὝὙ άὝᶻ (SSFP) or ὝὉ άὝᶻ, as this 

makes it easier to deal with these experimental variables in terms of an intrinsic spin-dependent 

parameter. Figure 3.8 shows predictions arising from equation 3.1, between the relative SSFP and 

CPMG sensitivities. Somewhat surprisingly, there is virtually no dependence of the relative 

performances on T1: both experiments benefit/suffer from it equally.  On the other hand, smaller 

Ὕ/Ὕᶻ ratios lead to conditions that are strongly advantageous for SSFP. Mathematically, this 

behavior arises from the Ὡ

ᶻ

ρ factor in equation 3.1ôs numerator; physically, this dependence 

on the ratio between the homogeneous linewidths, given by Ὕ, and the inhomogeneous linewidths, 

given by Ὕᶻ, reflects CPMGôs limitation to enhance SNR when TE Ó T2: most of the signal will 

then decay beyond the first echo. By contrast SSFP, will still maintain a steady-state signal that is 

mostly T1-weighted, even in the regime when TR Ó T2 (and when TR is still <<T1). When TR < 

T2, which is the case for larger Ὕ/Ὕᶻ values, the transverse contribution to the signals detected by 

both sequences becomes comparable, while the lack of T1 dependence means that the contribution 

of the longitudinal component is also the same in both cases. A similar treatment can be done with 

respect to a simple pulse-acquire sequence; here the opposite trend is observed, with the higher 

ὝȾὝᶻ  ratios biasing sensitivity in favor of SSFP (Appendix A2.1, Equation A.18).    

 

 
Figure 3.8. Single-spin simulations predicting the SNR/ЍὸὭάὩ of SSFP relative to CPMG. Ὕᶻ describes the decay 

of signal due to anisotropic spin interactions / field inhomogeneities and is equal to 250 ms. ὝὙ ὝὉ άὝᶻ. For 

CPMG, the recycle delay between each scans was taken as ρȢσὝ with a 90ę excitation pulse.    
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3.4.3 SSFP ï 27Al NMR  

 27Al (I=5/2) is a common element in many inorganic materials.132,133 While being a 

generally receptive nucleus, there are occasions where its low concentration challenges the NMR 

sensitivity. (Q)CPMG acquisitions, however, arenôt usually employed in these cases, as 27Alôs T2 

relaxation times are typically short.  Since T2/T2
* dominates SSFPôs SNR per unit time, we 

assumed that SSFP could be of aid in this case. Indeed, static acquisitions on Al 2O3 show a ca. 80-

fold enhancement in SNR per unit time in favor of SSFP over CPMG (Fig. 3.9). While this relative 

enhancement ïthe highest measured in this studyï corresponds well with the small T2/T2
* = 2.6 

ratio of this compound, it turns out that this T2/T2* ratio was not the smallest among those that 

were measured (Table 3.2). It is not clear whether this reflects an experimental error in the T2/T2* 

ratios that were measured, or perhaps wrong assumptions in the model leading to equation 3.1 

(e.g., single exponential dephasings, decays and recoveries). This remains a matter of 

investigation. Under MAS (8 kHz), this relative enhancement decreased to ca. 64 (Fig. 3.9b); this 

decrease is as expected, in view of the T2 lengthening (T2/T2
* = 3) happening due to the MAS-

induced averaging of the homonuclear interactions. 

  
Figure 3.9.27Al spectra of Al2O3 acquired in static (a) and 8 kHz MAS (b) conditions. (a) SSFP features an 

enhancement of ca. 81 in SNR/ЍὸὭάὩ compared to CPMG in static conditions, and an enhancement of 64 under MAS. 

The parameters for the spectra in panel (a): SSFP- TR=0.52 ms, ‌ ςπȍ, acquisition duration = 9.25 s (at steady-

state). CPMG- TE=0.52 ms, acquisition duration = 26.7 s. In panel (b): SSFP- TR=3.5 ms, ‌ υπȍ, acquisition 

duration = 10.5 s (at steady state). CPMG- TE=3.5 ms, acquisition duration = 5 s. 
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3.4.4 SSFP of 11B compounds: The Importance of Decoupling 

Like aluminum, boron is also common in inorganic materials and central constituent in 

many glasses.134ï137 Also like 27Al, 11B (I=3/2) tends to have short T2 relaxation times, making it 

another good candidate for testing SSFPôs performance. Under static acquisition conditions, 11B 

NMR SSFP experiments on borax (Na2B4O7·10H2O) exhibit an enhancement of ca. 4 in SNR per 

unit time compared to CPMG. Somewhat unexpectedly, under MAS (25 kHz), this relative 

enhancement grew to ca. 9 (Figs. 3.10a, 3.10b). One reason that could explain this improvement 

might be that the static SSFP experiments were performed without decoupling, whereas the CPMG 

static experiments were performed with decoupling. This resulted in a slightly broadened static 

SSFP spectrum (Fig. 3.10a), meaning that effectively these experiments were characterized by 

shorter T2s than the CPMG counterparts ïand thereby their sensitivity was reduced. By contrast 

both CPMG and SSFP MAS experiments were performed without decoupling, since spinning at 

25 kHz averaged the dipolar interactions (the strongest 1H-11B coupling is ~2.2 kHz) 138. Notice 

that in this latter case boraxôs two 11B sites could be clearly resolved139; these sites differ 

substantially in their quadrupolar constants yet that did not interfere with the setting of optimal 

SSFP flip angles (which were in any case small due to the large difference between T1 and T2).   

To further highlight the importance of 1H decoupling Figures 3.10c and 3.10d present a similar 

11B analysis on boron carbide, a proton-free solid. In accordance to the expectations derived from 

this compoundôs T2/T2
*~2-3 ratio (see Table 3.2), SSFP/CPMG enhancements were very high: ~60 

in the static measurements and ~30 at 25 kHz MAS. This 60Ą30 decrease in enhancement is likely 

mainly due to the shorter TR and TE chosen with respect to T2
* (Table 3.2 and Fig. 3.8), but might 

partly stem from the lengthening of T2 brought about by the MAS (see Table 3.2).  
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Figure 3.10.11B Spectra of borax, Na2B4O7·10H2O, (a,b) and boron carbide,B4C, (c,d) acquired at static conditions 

(a,c) and MAS of 25 kHz (b,d). For borax under static conditions SSFP (red) features an enhancement of ca. 4 in SNR 

per ЍὸὭάὩ compared to CPMG (light blue), whereas under MAS SSFP features an enhancement of ca. 9 in SNR per 

ЍὸὭάὩ . Spectral parameters: (a): SSFP - TR=1.3 ms, ‌ ςȟ  acquisition duration = 43.3 min.  (without 1H 

decoupling). CPMG - TE=0.84 ms, acquisition duration = 34.7 min.  (with 1H decoupling). (b): SSFP - TR= 8 ms, 

‌ φȍ, acquisition duration = 27.3 min. CPMG - TE= 8 ms, acquisition duration = 20.5 min. (both experiments 

without 1H decoupling). (c): SSFP - TR=0.32 ms, ‌ φȍ, acquisition duration =1.28 s (in steady-state). CPMG - 

TE=0.22 ms, acquisition duration = 52 s. (d): SSFP - TR =0.56 ms, ‌ φȍ, acquisition duration = 22.4 s (in steady-

state). CPMG - TE=0.56, acquisition duration = 75 s.  

 

3.4.5 SSFP of 23Na and 87Rb 

23Na (I=3/2) and 87Rb (I=3/2) are two additional isotopes that have played an important 

role in solid state NMR ïboth in terms of materials research as well as in methodological 

developments and tests140ï143. Hence we consider worth exploring further their SSFP behavior.  

23Na generally has short T2 times leading to relatively small T2/T2
* ratios (Table 2), hence 

potentially benefiting from SSFP. When tested on Na2C2O4, SSFP gave an enhancement of 3.8 

and 4.7 in SNR per unit time compared to CPMG, in MAS and static experiments respectively 

(Figs. 3.11a, 3.11b).  For Na2SO3 under static conditions, SSFPôs enhancement over CPMG was 
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ca. 8, whereas under MAS this enhancement increased to 17 (Figs. 3.11c, 3.11d). While Na2SO3 

has 3 sodium sites, no T1 or T2 weighting of the SSFP signals were observed.  The higher SSFP 

enhancements observed for Na2SO3 when compared to Na2C2O4 could be attributed to the formerôs 

smaller T2/T2
*~2.5-4 values, compared to T2/T2

*~5-30 for Na2C2O4 (Table 3.2). In both 

compounds, the experimental T2/T2* predicts a decrease in SNR per unit time in the MAS 

experiments compared to the static experiments. This decrease was observed to some extent for 

Na2C2O4, but might have been more dramatic for a shorter TR and TE, whereas for Na2SO3 it was 

not observed.     

 

Table 3.2. Summary of experimentally measured T2/T2
* ratios, SSFP/CPMG SNR enhancements per unit time and 

TR/T2
* or TE/T2

* parameters used, for the various compounds analyzed in this study. In most cases mono-

exponential behavior of T2 was observed, even in the presence of multiple sites. For bi-exponential behavior of T2, 

the average T2/T2
* value is given. The error in the reported ‭ ȾЍ  is experimentally estimated as ca. 10%. 

Compound Condition T2/T2
* TR/ T2

* TE/ T2
* ╢ꜗ╝╡ȾЍ◄░□▄ 

RbClO4 static 32±4 16±2 16±2 1.7±0.2 

MAS 

(5 kHz) 

130±10 13.3±0.9 13.3±0.9 1±0.1 

Rb2SO4 static 21±2 10.1±0.7 10.1±0.7 1.8±0.2 

MAS 

(10 kHz) 

123±6 15.4±0.6 15.4±0.6 1.2±0.1 

Na2C2O4 static 5±0.6 17 ±2 7.3±0.6 4.7±0.4 

MAS 

(5 kHz) 

30±3 47 ±2 38±1 3.8±0.4 

Na2SO3 static 2.5±0.2 20.5±0.8 9.9±0.4 8.0±0.8 

MAS 

(4 kHz) 

3.8±0.2 9.5±0.5 11.9±0.6 17±2 

Na2B4O7·10H2O static w/o decoup: 

3.3±0.4 

 

30±3 

 

- 

4.0±0.4 

w/ decoup: 

5.2±0.6 

       - 12.2±0.7 

MAS 

(25 kHz) 

2.9±0.6 10±1 

 

10±1 

 

9.0±0.9 

B4C static 2.1±0.4 13.3±0.6 9.2±0.4 60±6 

MAS 

(25 kHz) 

3.2±0.7 5.1±0.1 5.1±0.1 27±3 

Al 2O3 static 2.6±0.2 10.0±0.8  10.0±0.8 81±8 

 MAS 

(8 kHz) 

3.0±0.1 10.4±0.2 10.4±0.2 64±6 
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Figure 3.11. 23Na enhancement of SNR per ЍὸὭάὩ of Na2C2O4 and Na2SO3 acquired at static conditions (a,c) and 

under MAS at 5 kHz (b) or 4 kHz (d). For Na2C2O4 (a,b), both static and under MAS, SSFP (red) features an 

enhancement of ca. 4 in SNR per ЍὸὭάὩ compared to CPMG (light blue). For Na2SO3 (c,d) static conditions SSFP 

(red) features an enhancement of ca. 8 in SNR per ЍὸὭάὩ compared to CPMG (light blue), whereas under MAS SSFP 

features an enhancement of ca. 17 in SNR per ЍὸὭάὩ . The parameters for the spectra in panel (a): SSFP - TR=1.5 

ms, flip angle ‌ φȍ, acquisition duration = 38 s. CPMG - TE= 0.66 ms, acquisition duration = 150 s. In panel (b): 

SSFP - TR=15 ms, ‌ ρςȍ, acquisition duration = 45 s. CPMG - TE= 12 ms, acquisition duration = 173 s. In panel 

(c): SSFP - TR=2.75 ms, ‌ φȍ, acquisition duration = 92 s. CPMG -,TE=1.33 ms, acquisition duration = 55 s. In 

panel (d):  SSFP - TR=20 ms, ‌ ρςȍ, acquisition duration = 54 s. CPMG - TE= 25 ms, acquisition duration = 113s.  
 

Finally, we compared the relative SNR per unit time of SSFP and CPMG in two different 

Rb compounds: RbClO4 and Rb2SO4 (Fig. 3.12). Previously, both compounds had been used to 

demonstrate the signal enhancement of QCPMG relative to an echo experiment due to their 

favorable T2 values58,59,116. For RbClO4 under static conditions, SSFP (aopt=25ę) shows an 

enhancement of ~1.7 in SNR/ЍὸὭάὩ compared to CPMG; for Rb2SO4, SSFP (aopt=25ę) displays a 

similar enhancement of ca. 1.8. The relaxation times of Rb2SO4 are very similar to those of 

RbClO4, which could explain their similar behavior, as well as same optimal flip-angles.  Under 
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MAS (5kHz) these advantages decrease, as expected: SSFP (aopt=70ę) and CPMG of RbClO4 are 

equivalent in terms of SNR per unit time, while for Rb2SO4, SSFP (aopt=45ę) features a modest 

enhancement of ca. 1.2 with respect to CPMG. Again, this decrease in SSFPôs enhancements with 

MAS is as expected due to the spinning-induced averaging of the 87Rb (27.8% nat. ab.) 

homonuclear dipolar interactions, leading to a lengthening in T2: for both compounds a T2/T2
* of 

å20-30 in the static experiments, increases to >100 under MAS (T1 values remain the same within 

error). Line shape-wise, however, there are no substantial differences between the SSFP and the 

CPMG results (spinning sidebands included).   

 

 
 

Figure 3.12. 87Rb Spectra of RbClO4 (a,b) and Rb2SO4 (c,d) acquired at static conditions (a,c) and MAS of 5 kHz 

(b) and 10 kHz (d). Under static conditions SSFP (red) features an enhancement of ca. 1.7-1.8 in SNR per ЍὸὭάὩ 

compared to CPMG (light blue) for RbClO4 and Rb2SO4 respectively, whereas under MAS SSFP features an 

enhancement of ca. 1.2 in SNR per ЍὸὭάὩ for Rb2SO4 and no enhancement for RbClO4. Parameters for panel (a): 

SSFP - TR=1.3 ms, ‌ ςυȍ, acquisition duration- 39 s. CPMG - TE=1.3 ms, acquisition duration -5.5 s. Panel (b): 

SSFP - TR= 4 ms, ‌ χπȍ, acquisition duration =  40 s. CPMG- TE=4 ms, acquisition duration = 52 s. Panel (c): 

SSFP - TR=0.86 ms, ‌ ςυȍ, acquisition duration = 36 s . CPMG- TE=0.86 ms, acquisition duration = 36 s. Panel 

(d): SSFP- TR=4 ms, flip angle ‌ τυȍ, acquisition duration = 36 s. CPMG- TE=4 ms, acquisition duration =  45 s.  
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3.5 Discussion and Conclusion 

The present study explored the 

usefulness of SSFP, an approach that is 

widely used for maximizing sensitivity in 

MRI, towards the acquisition of wideline 

solids NMR spectra.  The study began 

with sensitivity / unit_time considerations 

that predicted improvements over 

commonly used CPMG variants for a 

variety of cases, depending on the T2/T2
* 

ratios.  Although admittedly 

oversimplified, the ensuing model 

possessed sufficient predictive power to 

be of usefulness upon considering this 

kind of experiments.  Figure 3.13 further 

demonstrates this, by comparing the 

experimental enhancement values obtained for the various compounds explored in this study (see 

Table 3.2 for parameters), with a simulation based on equation 3.1 that uses an average T2*=0.34 

ms and m=14, where TR=TE=mT2*. Note how the resulting simulation reproduces the 

experimental trends, despite obvious oversimplifications.  According to these analyses SSFP is 

especially advantageous over CPMG for cases of fast T2 relaxation and small T2/T2
* ratios; this 

was here demonstrated for a variety of half-integer quadrupolar nuclei of common appearance in 

many functional materials, but it is likely also applicable to other systems including 

paramagnetically-doped materials and certain spin-1/2 species. Besides sensitivity enhancements, 

an important aspect that was considered concerned the faithfulness of the line shapes afforded by 

SSFP acquisitions. These analyses showed that despite the well-known banding artifacts that 

offsets are known to introduce on SSFP-based imaging experiments, these ñdipsò affected the 

overall sensitivity of the experiment but did not distort the line shapes.   

 

 

Figure 3.13. Comparing the experimentally observed 

enhancements in ὛὔὙȾЍὸὭάὩ afforded by SSFP over 

CPMG, with a simulation based on equation (1), performed 

for prototypical values T
2
*=0.34, TR=TE=14T

2

*
, and 

T
1
=220 ms. The data points include all compounds under 

both MAS and static acquisition, as labeled on the figure 

itself.  
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4 Indirectly Detected Satellite-Transition Quadrupolar NMR via Progressive 

Saturation of the Proton Reservoir 

4.1 Introduction  

The static satellite-transitions (ST) of half-integer quadrupolar nuclei, which are efficient 

probes for molecular dynamics, are typically undetectable by regular NMR methods due to the 

poor sensitivity. Indirect detection of dilute unreceptive X nuclei, usually via protons, is an 

efficient means to enhance their sensitivity in solids NMR144ï148, yet the abundant proton reservoir 

is usually underutilized in these types of schemes due to the small percentage of protons coupled 

to the X-nucleus. Comparatively, in the solution-state Chemical Exchange Saturation Transfer 

(CEST)149, a bigger portion of the abundant water reservoir contributes to the signal-enhancement 

due to the exchange of the dilute labile sites with the abundant water protons. Inspired by CEST, 

the Frydman lab has recently presented an attractive analogue of CEST in solid-state NMR, which 

we have termed PRogressive Saturation of Proton Reservoir (PROSPR)150. In the PROSPR 

experiment, the exchange of CEST is replaced by proton-proton spin-diffusion: Initially, dipolar 

order is generated on the protons by Adiabatic Demagnetization in the Rotating Frame (ADRF). 

Subsequently, an Adiabatic Remagnetization in the Rotating Frame (ARRF) contact pulse is 

performed on the X-channel, transferring magnetization from 1H to X, followed by a delay for 1H-

1H spin-diffusion. These last two steps- ARRF+delay- are looped N times, allowing for relay of 

1H polarization from the óX-decoupledô proton spins to the X nucleus via spin-diffusion between 

1Hs and then polarization transfer to the X nucleus during the ARRF pulse. Ultimately, the 

depletion of the 1H abundant reservoir is measured by a difference experiment, and results in 

significant magnification of the signal of unreceptive and dilute heteronuclei. The difference 

experiment is between an experiment where the CP pulses are óonô (S) and an experiment where 

the CP pulses are óoffô or far off-resonance (S0). Additionally, this experiment relies on low RF 

amplitudes on the X-channel and allows for broadband acquisitions (>MHz) to be performed 

without retuning of the probe150.  

The present study explores the use of the signal enhancements afforded by PROSPR, to 

measure the satellite-transitions NMR of unreceptive, dilute half-integer quadrupolar nuclei; it also 

explores the potential benefits that may result from doing so. The approach was explored on static 

ST NMR experiments of 35Cl, a 75% natural abundance isotope; and ~6-8 MHz-wide signals in 

glycine-HCl and in trigonelline-HCl could be measured in this manner.  PROSPR NMR was also 
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used to measure the broad satellite transition patterns of 33S and 17O at natural abundance in 

ammonium sulfate. A sensitivity enhancement (SNR/ЍὸὭάὩ ) larger or equal to 20 was thus 

estimated for the ST 33S signal at room temperature. As for the ST 17O signal, the enhancement 

was even more significant but it could not be quantified due to the lack of signal in comparable 

17O-detected CP measurements. The paraelectric (PE) Ą ferroelectric (FE)  phase transition of 

ammonium sulfate at ca. Tc=223.5 K,151,152 was clearly shown by 33S ST PROSPR NMR of single 

crystal samples. Motional narrowing of the 17O ST PROSPR signal on this salt was also revealed 

by variable-temperature experiments, likely due to rapid tetrahedral jumps of the SO4
2- group 

coupled to fast relaxation of the 17O, which conspired against a successful use of CP-based 

experiments.   

 

Scheme 4.1. (a) PROSPR and (b) ADRF-CP NMR sequences. 

 

4.2 Materials and Methods  

4.2.1 Samples 

Ammonium sulfate (Avantor/VWR), glycine-HCl (Sigma Aldrich) and trigonelline-HCl 

(Sigma Aldrich) were used after grounding into fine powders, and packed into 4 mm outer-

diameter glass tubes (sealed with Teflon tape) or 4 mm zirconia rotors for the measurements. 

Ammonium sulfate single-crystals were grown by slow evaporation of super-saturated solutions 

in a crystallization room kept at 292 K. The single-crystals were characterized by X-ray diffraction 

and NMR. 

4.2.2 Solid-state NMR spectroscopy 

NMR spectra were acquired using a Varian VNMRS console interfaced with an Oxford 14.1 

T wide-bore magnet. A modified static Chemagnetics HXY triple-resonance probe equipped with 

a 4 mm solenoid coil (1 cm long, 7 turns) devoid of 1H background and oriented perpendicular to 

the B0 field, was used to acquire all NMR spectra. All data were collected under static conditions 

(i.e., no magic-angle spinning), with the sample temperature regulated to 296 K unless stated 

otherwise. Pulse-width calibrations were carried out using: NH4(SO4)2 (solid) for 1H; dilute 
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NH4(SO4)2 solutions or solid 14NH4Cl for 33S (after correcting for the difference in g between 14N 

and 33S); liquid H2O for 17O; and dilute NaCl solutions for 35Cl. 17O chemical shifts were 

referenced with respect to H2O (diso=0 ppm). 33S chemical shifts were referenced with respect to 

dilute NH4(SO4)2 (aq., diso=0 ppm).153   35Cl chemical shifts were referenced with respect to NaCl 

(aq., diso=0 ppm).154 Temperature was calibrated in the variable-temperature experiments via the 

1H chemical shift differences in methanol.155  The sequences used hereinïPROSPR, Broadband 

Adiabatic Inversion Cross-Polarization / WURSTïCarr-Purcell-Meiboom-Gill (BRAIN-

CP/WCPMG),50,156 and ADRF-based static cross-polarization (ADRF-CP)ï are available in 

Appendix A3. MATLAB scripts were used to process the raw NMR data, utilizing functions from 

matNMR.157 Further experimental parameters are summarized in the text below. 

4.2.3 Motional averaging simulations 

The Spinach software package158 was used to simulate the 17O line shape of a powder 

sample experiencing four-fold tetrahedral jumps (Figure 5). A single 17O site with CQ=7.4 MHz 

and hQ=0.04 was assumed. These values are based on an average value of DFT calculations for 

the saltôs crystal structure; Powder averaging of 100 crystallites was implemented, and a 20 kHz 

Lorentzian broadening (FWHM) was applied to account for the 1H-related broadening arising in 

PROSPR. These simulations assumed an ideal, direct acquisition of 256 time-domain points, 

arising from solving the Bloch-McConnell equations: 
╜

ὡ ὑ╜ . Here W is an ὔ ὔ 

diagonal matrix containing the resonance frequencies of each 17O transition for each of the four 

possible quadrupole tensor orientations in an SO4
2- group in a common molecular frame, ὡ

ὨὭὥὫὭ‫ȟὭ‫ ȣὭ‫ , and K is an ὔ ὔ exchange matrix. In this case N corresponds to 20 

distinct resonance frequencies, as each oxygen (S=5/2) gives rise to five distinct transition: 

ST( ᴾ ), ST( ᴾ ), CT( ᴾ ȟ ST( ᴾ and ST ᴾ , and 

four distinct geometries with tetrahedral configuration are involved in the dynamics. In W, 

therefore, ‫ȟȣȟ‫  corresponded to the frequencies of the first 17O, ‫ȟȣ‫  correspond to the 

frequencies of the second 17O, and so on.   

Using this formalism as starting point, two sets of simulations were then carried out, which 

differed in their exchange matrices K (see Eq. 4.1 below). One set of simulation incorporated two 

different exchange rates: tetrahedral jumps at a rate k1, and a T1r-driven process at a rate k2, 

whereby resonances of transitions differing by m=±1 interconverted within each 17O due to a short 
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T1r. In other words, ST( ᴾ ) would interconvert to ST( ᴾ ); ST( ᴾ

) interconvert to both CT( ᴾ  and ST( ᴾ ) and so on. For these 

simulations, Spinach was used to calculate the 17O frequencies, and the FID was calculated 

separately by propagating the 20x20 ὡ ὑ  matrix.  

K
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Ở
Ở
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Ở
Ở
Ở
Ở
Ở
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where A=-k2-3k1 and B=-2k2-3k1. 

4.2.4 Static simulations:  

1D numerical simulations arising from the Simpson94 programming software were used in 

Figures 4.1-4.3.  
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4.3 Ultra -Wideline 35Cl ST- PROSPR on HCl Salts 

Figure 4.1a presents a series of static 35Cl NMR results for powdered glycine-HCl. As 

mentioned, 35Cl is an I=3/2 isotope with a 75% n.a.. Even if tuned at a single 35Cl offset, the 

PROSPR NMR spectrum measured using the sequence in Scheme 4.1a yields a signal spanning 

over 6 MHz, encompassing both a sharper CT and two wide ST. Comparable BRAIN-

CP/WCPMG measurements are also shown; by contrast to the PROSPR trace, which was collected 

while keeping the probe tuned at a single 35Cl frequency, these directly-detected experiments 

required tuning the X channel at multiple different offsets. Still, thanks to 35Clôs relatively high 

natural abundance and good sensitivity, a weak ST signal can be observed for both kind of 

experiments ïeven if the distinctive ñhornò features of the powder patterns are only picked up in 

the PROSPR trace. The line shape achieved by PROSPR thus compares more favorably to 

simulations expected from literature values.159 Still, no significant enhancement is evidenced by 

PROSPRôs ST glycine SNR over its BRAIN-CP/WCPMG counterpart. This can be attributed to a 

relatively short 1H dipolar relaxation time at this temperature (T1D å260 ms), which couples to a 

relatively high 35Cl abundance, to deprive PROSPR from much amplification.  A different situation 

is encountered by PROSPR for powdered trigonelline-HCl (Figure 4.1b). Protons in this powder 

are more abundant and possess seconds-long T1Ds; the ST 35Cl PROSPR spectrum of this sample 

thus shows a sensitivity enhancement of ca. 3x vs a comparable BRAIN-CP/WCPMG acquisition. 

This benefits in particular the ~8 MHz wide PROSPR spectrum of trigonellineôs ST, whose two 

ñhornsò can be distinctly identified and match the simulation based on literature values82 ïeven 

though the probe was again solely tuned once at the center of the powdered pattern; i.e., at the CT 

frequency. By contrast, the BRAIN-CP/WCPMG experiment required 25 different offsets to track 

the ST spectrum, even though it yielded significantly fewer features.2  

                                                      
2 In this respect the nominal time reported for the BRAIN-CP/WCPMGôs acquisition is significantly lower than the 

actual time required to run all these experiments, which had to include a retuning and rematching of the probe at each 

offset. Thus, whereas 35Cl PROSPR NMR on trigonelline could be left to run overnight, the BRAIN-CP/WCPMG 

counterparts required assistance/tuning once every ca. 20 minutes.  
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Figure 4.1. 35Cl satellite-transition NMR of hydrochloride salts at room-temperature. (a) 35Cl PROSPR NMR 

spectrum of glycine-HCl (center), showing the total trace in an inset highlighting the CT, and a vertically-scaled main 

spectrum highlighting the STs as main panel. The trace on top shows the expectation based on literature data with 

CQ=6.42 MHz, hQ=0.61 and diso = 101 ppm23 while the spectrum on the bottom shows an optimized BRAIN-

CP/WCPMG, processed with a Gaussian line-broadening of 20 kHz (FWHM). (b) Idem for a simulated spectrum with 

CQ=7.5 MHz, hQ=0.05 and diso = 70 ppm82,159 PROSPR and BRAIN-CP/WCPMG 35Cl NMR of a trigonelline-HCl 

powder. In both cases, the PROSPR NMR spectra were tuned and collected at a single 35Cl offset, whereas the BRAIN-

CP/WCPMG was collected at 33 different offsets for glycine-HCl and 25 different offsets for trigonelline-HCl. Due 

to the low SNR of the ST experiments, the PROSPR data (S) were acquired interleaved with a reference measurement 

(S0), so as to compensate for instrumental instabilities. Notice that both glycine-HCl and trigonelline-HCl evidence 

asymmetric ST patterns for both the BRAIN-CP and PROSPR experiments, something which we associate to an 

asymmetry in the probeôs tuning and cabling.160,161 Notice as well that this asymmetry is more pronounced for the 

BRAIN-CP/WCPMG spectra. In this as well as in all remaining figures, ñtimeò denotes the net acquisition time 

required to collect the data.  

 

The simplicity of the PROSPR experiment also facilitated the acquisition of variable-temperature 

measurements; in the case of trigonelline-HCl a dependence of the ST line shape with temperature 

was observed, which was traced to slight changes in CQ values (Figure 4.2). 
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Figure 4.2. 35Cl variable temperature NMR spectra recorded for trigonelline-HCl at 341 K (black) and 224 K (blue). 

The recycle delays were set to d1=68.9 s at 224 K, and to d1=79.3 s at 341 K (in both cases equal to 1.3T1). (a) 35Cl 

ST-PROSPR NMR data acquired using similar parameters as in Figure 4.1; in order to save time, only half of the ST 

patterns were here collected. A step size of ȹɜX =5 kHz was used between 1.74 MHz and 1.84 MHz for achieving a 

higher resolution in the ñhornò peaks, which shifted by ca. 20 kHz at the lower temperature, indicating an increase of 

~0.1 MHz in CQ. Experiments took 4.4 and ca. 5 hours at 224 and 341 K, respectively. (b) Variable temperature 

BRAIN-CP/WCPMG 35Cl NMR spectra of the CT, collected with similar parameters as in Figure 4.1 (at only one 

offset). The position of the CT ñhornsò is shifted by ca. 5 kHz. In this case, it is unclear if the change arises due to a 

CQ and/or a shielding-anisotropy temperature-dependence. 

 

 

4.4  33S PROSPR and Ammonium Sulfateôs ParaelectricĄFerroelectric Phase-Transition 

Figure 4.3 shows static 33S NMR patterns recorded at natural abundance for (NH4)2SO4. 

Although the ST of this sample as a powder span ca. 600 kHz, they can be acquired with PROSPR 

within å 40 minutes without a need for probe retuning. Figure 4.3a compares this PROSPR data 

against an optimized BRAIN-CP/WCPMG experiment, which could not detect the ST even if 

retuned at 5 different offsets and although signals were averaged for much longer scanning times.  

The signal enhancement for PROSPR in this case is thus significant; note that both experiments 

were optimized based on the CT signals. The robustness of PROSPR and its signal magnification 

enables the detection of the ST, even if these should possess different nutation frequencies (and 

thus different optimal matching conditions) and different relaxation properties, than the CT.  

Figure 4.3b presents an additional set of results, comparing CT/ST-PROSPR NMR spectra on an 

ammonium sulfate single-crystal, against an optimized ADRF-CP experiment on the same sample. 

PROSPRôs sensitivity enhancement of the ST is in this case ca. 20x at room temperature, 

corresponding to a 400-fold reduction in time. As PROSPR enabled the location of the ST peaks, 

this information could then be used to optimize the acquisition and observation of the ST in the 

ADRF-CP X-detected experiment ïeven though their discovery would have been unlikely without 
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the help of PROSPR. Note that the resulting ADRF-CP 33S spectrum evidences a splitting in the 

ST, associated to the presence of two magnetically inequivalent 33S atoms in the unit-cell of this 

compoundôs paraelectric-phase (space group pnam162). This splitting is lost in the PROSPR 

spectrum, which as mentioned elsewhere exhibits broader lines than directly-detected 

counterparts.150 

 
Figure 4.3. 33S NMR experiments of natural abundance ammonium sulfate samples at room-temperature. (a) 33S 

PROSPR, BRAIN-CP/WCPMG spectra of a powdered sample, compared to a simulation (top). The insets show 

the full spectra, making the CT peak visible. (b) 33S PROSPR and ADRF-CP spectra recorded for a single-crystal, 

compared to a simulation (top). The inset of the ADRF-CP spectrum depicts a zoom-in of the ST peak splitting 

around -260 kHz. All simulations are based on the literature parameters153 CQ=0.58 MHz, hQ=0.75 and diso=0 

ppm. For the single-crystal simulation  ‌ ȟ‍ .  

 

Ammonium sulfate is a well-studied ferroelectic (FE) material, that undergoes a phase 

transition from its paraelectric (PE) to its FE phase at ca. Tc=223.5 K. This transition involves 

a structural transformation and a change in space-group symmetry,151,152 whose details have 

been studied by a variety of techniques ïincluding solid-state NMR studies based on 1H, 2H, 

14N and 15N163ï169ï  albeit with contradictory results.169ï171 Figure 4.4 illustrates 33S ST 

PROSPR data recorded on a single crystal, to follow this PEĄFE phase-transition in 

ammonium sulfate.  These ST-based experiments are considerably more sensitive to changes 
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in CQ with temperature than CT-based NMR measurements. They show that from 296 K down 

to ca. 224 K there is a monotonic increase in the 33S CQ, from 0.58 MHz to 0.67 MHz, that 

goes unnoticed by CT NMR. Then, in the neighborhood of Tc=223.5 K, the 33S ST PROSPR 

spectrum shows both PE and FE phases coexisting (Figures 4.4a); we attribute this to 

temperature gradients within the sample, which was cooled from above by an N2 airflow 

probably leading to a Ñ0.5ęC gradient. On cooling the sample below a 221 K nominal 

temperature, only peaks arising from the FE phase are observed. There is a clear discontinuity 

in the resonance frequencies of the 33S STs, indicative of a change in the local sulfate geometry 

(Figure 4.4b). This change is also supported by DFT calculations, and is consistent with a 

similar behavior observed when the ammonium group was measured by single-crystal 14N 

NMR.169    

 
Figure 4.4. Following ammonium sulfateôs paraelectricĄferroelectric phase transition by 33S single-crystal 

PROSPR NMR.  (a) Variable-temperature single-crystal 33S PROSPR measurements, showing changes in the ST 

that are lost in the CT spectra. (b) Temperature-dependence shown by the ST and CT 33S resonance frequencies 

in these experiments. The cartoon shown in-between (a) and (b) depicts the structural changes presumed for the 

ammonium and sulfate (red/yellow balls) groups of (NH4)2SO4, upon going from the paraelectric phase (PE, lower 

inset) to the ferroelectic phase (FE, upper inset).162,172 Structures were generated using the VESTA100 program.  

 

 

 

4.5 17O PROSPR in Paraelectric Ammonium-Sulfate: Motional and Exchange Narrowing  

Figure 4.5a presents 17O natural-abundance patterns measured with PROSPR, on both single-

crystalline and powdered (NH4)2SO4 samples. Also shown are 17O NMR results arising from an 

ADRF-CP experiment on a powdered sample, yielding no discernible signal; PROSPRôs 

SNR/ãtime gains could not thus be quantified for the 17O-ST of this sample. Interestingly, the 
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PROSPR-detected line shapes of the powdered and the single-crystalline samples were nearly 

identical, regardless of the orientations adopted by the single crystal. Furthermore, literature values 

for the 17O quadrupolar coupling in MgSO4
173 and DFT calculations for ammonium sulfate indicate 

that this spin should have a CQ value in the range of 7-8 MHz; the PROSPR line shapes observed, 

however, indicate that the effective CQ has a significantly smaller actual value ïup to ~3 MHz . 

Note that care was taken to ensure that a full line shape was captured in these spectra, by recording 

17O PROSPR NMR with the probe tuned at different 17O offsets.  

This substantial reduction in the effective strength of the anisotropic coupling points to the 

presence of a dynamic process. To further explore this possibility, a series of variable-temperature 

17O PROSPR measurements were performed on polycrystalline samples within the PE phase of 

ammonium sulfate. These revealed that there was indeed a strong temperature-dependence of the 

resulting 17O PROSPR line shapes (Figure 4.5b).  These affected, foremost, the widths displayed 

by the wings of what otherwise appeared like a super-Lorentzian shape. These changes were both 

reversible and monotonic in nature. 

 
Figure 4.5. (a) 17O PROSPR of ammonium-sulfate polycrystalline powder and single-crystal (upper panel) compared 

to ADRF-CP of the polycrystalline powder (lower panel). (b) Variable-temperature 17O-PROSPR measurement of 17O 

line shape in ammonium sulfate polycrystalline powder. 

 

Given the local symmetry of the sulfate group, a possibility that could explain the substantial 

quadrupolar ST averaging detected by 17O PROSPR, could involve tetrahedral jumps of the SO4
2- 

groups. Dynamics have been measured in other pseudo-tetrahedral sulfur-based centers, including 

methyl sulfone174 (two-site jumps) and sulfonic acids175 (three-site jumps). If the dynamics are 

sufficiently fast and tetrahedral, these could average out the second-rank quadrupolar broadening, 
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leading to single sharp line shapes for either single crystals or powders. To explore this possibility, 

the effects of tetrahedral dynamics were modeled as four-fold tetrahedral jumps, using a Bloch-

McConnell equation model where interaction tensors were defined on a single, common frame.6 

The 17O line shapes were modeled assuming a single 17O site with CQ=7.4 MHz and hQ=0.04: the 

average values arising from DFT calculations for this salt. These powder patterns were convolved 

with a 20 kHz Lorentzian broadening, to account for the point-spread function introduced by the 

1H dipolar broadening. 

 

Figure 4.6. Variable-temperature 17O PROSPR NMR spectra of polycrystalline ammonium sulfate (as shown in 

Figure 4.5b, black traces) overlaid by simulations (in red). (a) Simulations arising from tetrahedral jumps of the 17O 

atoms at a rate k1. (b) Simulations which on top of the provisions in (a), include an ñexchangeò of the frequencies 

from adjacent transitions at a rate k2, representing transitions driven by T1r relaxation.  

 

Figure 4.6a shows results arising upon setting up such dynamic simulation based on tetrahedral 

jumps, with the CT+ST PROSPR powder line shapes expected for a variety of exchange rates k1 

(red traces). Also shown are the 17O PROSPR experimental line shapes observed over a range of 

temperatures (in black).  As can be seen, the agreement between the 1H-detected experimental 

spectra and simulations based on an ideal direct detection of the reorienting 17O powder line 

shapes, is relatively poor.  Most remarkable among these differences is the inability of the 

simulations to recapitulate the significant, temperature-dependent broadening that the PROSPR 
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line shapes as a whole ïincluding the usually narrow CTï exhibit at lower temperatures. This 

broadening amounts to hundreds kHz, and is significantly larger than the typical 10-20 kHz 

broadening of PROSPR line shapes.150 Instead, at slow jump rates, simulations predict that line 

shapes will be superpositions of a sharp, dominant CT, and of much weaker, broader STs. This is 

at variance with low temperature PROSPR data that either single-crystal or powdered sample 

experiments, point towards a single 17O-derived line with stronger-than-expected intensities at the 

ST positions, and a substantially broadened CT peak. 

The mismatch between these simulated and experimental data sets could be due to several 

reasons. For instance, it is possible that the tetrahedral reorientation model is too simplistic, and 

that instead several types of motion coexist simultaneously.176,177 However, the aforementioned 

observations concerning a broader-than-expected CT and stronger-than-expected ST line shapes, 

also raise the possibility that the effects evidenced by these experiments might be reflecting a rapid, 

thermally-dependent, 17O T1r
  relaxation. Indeed, PROSPR is an indirect-detection measurement 

which relies on the effects that a repeated spin-locking of the 17O spin at a given offset, will 

introduce on the 1H reservoir. For the case of a strongly quadrupole-coupled and dynamic 17O site, 

the T1r associated to this spin-locking might be relatively short ïtoo short, for instance, to lead to 

a significant 17O polarization build-up via conventional or ADRF-based CP (e.g., Fig. 4.5a). On 

the other hand, even in such T1r <<1/wD,1H-17O scenario, it is plausible that a significant 1H 

depolarization will still occur as a result of the repeated looping of the depolarization process. In 

such case, the PROSPR experiment would reflect an additional broadening of the 17O pattern, 

arising due to a rapid quadrupole-driven relaxation in the rotating frame. Such quadrupole 

relaxation would effectively involve, in addition to pure decoherence, an interconversion of 

transition frequencies differing by Dm=±1, ±2 for each crystallite orientation, thus causing an 

apparent broadening of the CT and additional line shape changes of the STs. In and of itself, a 

model based solely on such CTªST1ªST2 interconversions, failed to successfully reproduce the 

experimental PROSPR line shapes, when starting from the aforementioned CQ=7.4 MHz, hQ=0.04 

assumptions (data not shown). However, a combination of both dynamical processes ïthe 

tetrahedral jumps and the T1r-based ñmixingò of the central and satellite transitions, gave rise to a 

very good matching to the experimental results (Figure 4.6b). This combination of both processes 

was accounted by the exchange matrix K. The rate k2 in Eq. 4.1 accounted for a stochastic 

T1r-driven exchange among adjacent transitions (i.e., Dm=±1), while the rate k1 in this equation 
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accounted for the aforementioned tetrahedral reorientation process involving four 17O. 

Furthermore, very similar line shapes were in this case expected from a powdered sample, and for 

most single-crystallite orientations. While this agreement is not a proof of a specific mechanism 

and a rigorous formalism accounting for the effects of relaxation in PROSPR remains to be 

derived, the model highlights the rich spatial and spin dynamics interplays that come to bear on 

PROSPR line shapes. In fact, somewhat analogous processes have been observed in liquids ïfor 

instance in cases where J-couplings between a quadrupolar nucleus and a spin-1/2 will broaden 

the latterôs multiplet structure due to short quadrupolar T1 (scalar relaxation of the second kind).178ï

180 The effects of such quadrupole-driven relaxation in PROSPR experiments are also reminiscent 

of the complicated level-crossing dynamics arising when attempting to spin-lock quadrupolar 

nuclei under magic-angle-spinning.72,73 A full analysis of these matters will be the subject of 

further investigations 

 

4.6 Conclusion 

The signal enhancements afforded by the PROSPR sequence enable the detection of satellite 

transitions even on low sensitivity isotopes at low natural abundances, and simplify the detection 

of undistorted multi-MHz satellite transition line shapes also for more sensitive species. The latter 

was confirmed with measurements of ~6-8 MHz wide ST patterns for 35Cl in a number of HCl 

salts; the former with natural abundance 33S and 17O ST measurements in ammonium sulfate. The 

value of measuring these ST information for dynamical purposes was then also confirmed, by 

following the PEĄFE phase-transition via 33S NMR, and by probing the motional narrowing 

affecting the 17O ST as a function of temperature. These approaches, aided by further refinements 

and a better understanding of the multiple factors intervening in these simple experiments, could 

find applications in the study of a wide range of timescales, nuclides, and samples.  
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5 Cross Polarization from Dipolar-Order under Magic Angle Spinning: The 

ADRF-CPMAS NMR Experiment 

5.1 Introduction 

Nuclear magnetic resonance (NMR) of solids provides valuable information about local 

structure and dynamics. For many of the NMR-active nuclei, however, low sensitivity is a major 

hurdle, which prevents otherwise valuable measurements. Low sensitivity can result from a low 

gyromagnetic ratio g, from low natural abundance, from unfavorable relaxation times, from severe 

anisotropic broadening arising from chemical shift anisotropy (CSA) or quadrupolar effects, and 

from a combination of all these factors181,182. Thus, methods to sensitize unreceptive low-gamma 

and dilute spins are a cornerstone of methodological solid-state NMR research. 64,65,108,183ï187  

One of the most widespread and established methods to enhance the NMR sensitivity of 

unreceptive species is via cross-polarization (CP): starting from a spin-locked, Zeeman-derived 1H 

magnetization, and fulfilling the Hartmann-Hahn (HH) matching conditions (Scheme 5.1a).64,66 

While relying on dipolar couplings, CP can also operate under fast MAS under suitable, spinning-

speed dependent matching conditions.69,188 An alternative CP approach that to the best of our 

knowledge has only been explored under static conditions, is based on transferring 1Hôs spin 

alignment starting from dipolar ïrather than Zeemanï order76,189. This experiment usually begins 

with an adiabatic demagnetization in the rotating frame (ADRF) process transforming either all or 

a portion of the 1H Zeeman magnetization, into dipolar order. This is followed by a heteronuclear 

remagnetization stage, that transfers this 1H spin order to the insensitive I nucleus76 ïeither via the 

application of a shaped I-channel pulse whose RF nutation frequency spans the range of 1H-1H 

dipolar couplings, or a square pulse whose RF matches the average of the latter  (Scheme 5.1b). 

This transfer generates a net, spin-locked I-magnetization, which can then be observed with 

enhanced sensitivity. 

The present study revisits the ensuing ADRF-CP experiment, under conditions of MAS. As was 

the case with the original HH-CP,188 the ADRF-CP experiment may be considered at first glance 

incompatible with MAS: after all, the homonuclear 1H dipolar order is averaged to zero by MAS. 

This, however, is true only to first order; dipolar-order involving multi-spin terms will be generated 

by second-order effects, and survive under MAS.25,190 Herein, we explore the possibility of 

exploiting this second-order residual dipolar order for performing the heteronuclear polarization 
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transfer. It is seen that the efficiencies of optimized HH-CPMAS and ADRF-CPMAS experiments 

on weakly dipole-coupled systems, are actually similar; under certain conditions the ADRF can 

perform even better than the HH-based experiment. To analyze the ensuing ADRF-CPMAS 

experiment we begin with an analytical analysis of the static ADRF-CP case, and deduce the 

expected I-channel RF matching conditions. These expectations are very undemanding, possess a 

number of similarities with the HH match under static CP conditions, and agree well with 

numerical simulations and with ensuing experiments on powdered samples of adamantane, 

ammonium sulfate ((NH4)2SO4) and hexamethylbenzene (HMB).164,191 These conditions are 

drastically affected upon sample spinning, leading to unusual ADRF-CPMAS RF matching 

profiles.  Still, experimental 13C and 15N results on the aforementioned systems, show very close 

agreement with theoretical expectations. The potential and limitations of this new ADRF-CPMAS 

experiments are briefly discussed, including the effects of RF-inhomogeneity and the effects 

arising when substantial CSAs act on the dilute I-nucleus. 

 

Scheme 5.1. Schematic pulse sequences for (a) ramped HH-CP and (b) ADRF-CP. Both sequences assume 

heteronuclear decoupling during the I-channel acquisition, and can be carried out static or under MAS.  

 

5.2 Materials and Methods 

5.2.1 Samples 

Adamantane, hexamethylbenzene (HMB), and ammonium sulfate were used as received 

without further modification. Powder samples were ground into fine powders and packed into 2.5 

mm zirconia rotors. All rotors were fully packed, except the rotors for the óconfined samplesô in 

figure 5.10, where spacers were used to center the sample in the rotor. 

5.2.2 Solid-state NMR spectroscopy 

NMR experiments were carried out on at ambient conditions on an 18.8 T (800 MHz) 

Bruker spectrometer on a triple resonance 2.5 mm MAS probe. Pulse width 1H calibrations were 

carried out on adamantane or ammonium sulfate. Pulse-width calibrations of the 13C and 15N 90ę 

pulses were carried out using a HH-CP-90ę(I) pulse sequence, on adamantane and ammonium 
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sulfate, respectively. The chemical shifts of 1H and 13C were referenced with respect to adamantane 

(1.8 ppm for 1H and 38.6 ppm for 13CH2 group). The chemical shift of 15N was not accurately 

referenced.  

The sequences used in this study, ADRF-CP and HH-CP, are presented in Scheme 5.1. The 

ADRF-CP experiment was implemented with a two-step phase cycling (x,-x) on the proton 

excitation pulse and receiver.  MATLAB scripts were used to process the raw NMR data. Further 

experimental parameters are summarized in the text below. 

5.2.3 Simulations  

The Spinach software package158 was used for all the numerical simulations. The 

simulations were performed via NMRbox192. Most of the simulations focused on a relaxation-free 

5 spin-system composed by four protons and one carbon, at a proton frequency of 800 MHz. The 

separate dipolar couplings and Euler angles were either set arbitrarily (Figure 5.3-5.4) or were 

based on a calculated geometry (Figure 5.5). For simulating the effects of the RF inhomogeneity, 

an array of idealized simulations was computed, and suitably coadded using an external Matlab 

script that included the RF inhomogeneity model. All  simulation codes are given in Appendix 

A4.1.  

 

5.3 Comparing the ADRF-CPMAS and HH-CPMAS Performances 

Figure 5.1 compares the performances of optimized ramped HH-CPMAS and ADRF-CPMAS 

sequences (Scheme 5.1) for adamantane, at different spinning frequencies. While the T1Ds of 

adamantane become longer and closer to the static value at higher spinning speeds190, the relative 

performance of ADRF-CPMAS is comparable with that of ramped HH-CPMAS also at lower 

spinning rates. It does, however, worsen by a factor of ~1.7 at 25 kHz MAS. This reflects the 

longer build-up times that 13C ADRF-CPMAS requires for an optimal performance: å35-50 ms, 

compared to å25 ms for HH-CPMAS. On the other hand, the RF amplitudes required by ADRF-

CPMAS on the 13C and 1H channels are lower.  Additionally, a ramped ADRF-CPMAS sequence 

would have improved the CP efficiency compared the square-13C-pulse ADRF-CPMAS scheme 

used in these experiments, even when spinning speeds are higher than 12 kHz (vide infra).  



77 

 

 
Figure 5.1. Comparing adamantaneôs 13C ADRF-CP signals to those arising from a ramped HH-CP experiment 

under MAS for 12 kHz (a), 16 kHz (b), 20 kHz (c) and 25 kHz (d) spinning rates. All experiments were acquired with 

a recycle delay of 4 s, 16 scans, and a 10.24 ms acquisition time with TPPM decoupling using an RF amplitude of ca. 

33 kHz. All the HH-CP experiments were acquired with a contact time of 25 ms, a 13C RF amplitude of ca. 50 kHz, 

and a 90% -100% ramp on 1H with maximum RF amplitude of 57-68 kHz. For the ADRF-CPMAS the 1H ADRF 

pulse ranged between 28-40 ms, with a maximum 1H RF amplitude of 0.6-0.8 kHz. The 13C pulses were 35-50 ms 

long with an RF amplitude of ca. 11-24.4 kHz (with higher RFs for increasing spinning frequency).  

 

Figure 5.2 presents similar results for the 15N of ammonium sulfate. ADRF-CPMAS surpassed 

the efficiency of ramped HH-CPMAS both at 12 kHz and 20 kHz in terms of measured intensity.  

 

 
Figure 5.2. 15N ADRF-CP signal of ammonium sulfate compared to a ramped Hartman Hahn (HH) CP under (a) 

12 kHz and (b) 20 kHz MAS. Experiments were acquired with a recycle delay of 6 s, 128 scans and with an acquisition 

time of 10.24 ms (TPPM decoupling using an RF amplitude of ca. 66 kHz).  The HH-CP experiments were acquired 

with a contact time of 20 ms and 13C RF amp of ca. 57 kHz and a 90% -100% ramp on 1H. (a) For the HH-CP: max 
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1H RF amplitude of ca. 43 kHz. For the ADRF-CPMAS: ADRF pulse duration of 10 ms, max 1H RF amp 1.6 kHz, 
15N CP pulse of 50 ms with an RF amplitude of ca. 10.2 kHz. (b) For the HH-CP: max 1H RF amplitude of ca. 35 kHz. 

For the ADRF-CPMAS: ADRF pulse duration of 5 ms, max 1H RF amp 1.6 kHz, 15N CP pulse of 90 ms with an RF 

amplitude of ca. 0.9 kHz.  

 

Following these demonstrations on the feasibility of ADRF-CPMAS, the following paragraphs 

explore the experimental dynamics and matching conditions in further depth, using analytical, 

numerical, alongside experimental analyses. 

 

5.4 Theoretical Background 

While the concept of dipolar order and of dipolar-order based CP is commonly explained on 

the basis of spin thermodynamics193, it is enlightening to analyze ADRF-CP analytically and 

numerically on the basis of a coherent evolution picture. To this end we analyze this experiment 

for model three and four spin systems under static and MAS conditions, respectively.   

5.4.1 ADRF-CP under static conditions 

We begin by considering the ADRF-CP experiment (Scheme 5.1b) performed under static 

conditions. The simplest scenario that can support this experiment is a three-spin system, 

composed by two 1H, denoted here by S1,2, and one heteronucleus, denoted here by I.  Notice that 

this is in contrast to the usual analysis performed to understand CP under HH matching conditions 

(Scheme 5.1a), where a single 1H-I spin-pair suffices to describe the basic spin physics4,67. 

Following the generation of dipolar order by the 1H ADRF process and during the on-resonance 

irradiation of the I-channel, the Hamiltonian that describes the system in the doubly-rotating frame 

is:  

Ὄ Ὄ Ὄ Ὄ ‫ ẗςὛ Ὅ ‫ ẗςὛ Ὓ Ὓ Ὓ Ὓ Ὓ ‫ Ὅ.      (5.1) 

where the homonuclear dipolar and the heteronuclear dipolar interactions, as well as the RF 

irradiation on I, are included.  For the sake of simplicity we are here assuming that only one of the 

S spins (S1) is coupled to the I spin, and both CSA and off-resonance effects are ignored.  

The rotating-frame Hamiltonian in Eq. (5.1) can be rewritten on the basis of fictitious spin-

1/2 zero-quantum (ZQ) and double quantum (DQ) operators, as: 

Ὄ ς‫ ẗὛ Ὓ Ὅ ‫ ẗ Ὓ ‫ Ὅ            (5.2)          

where we have used the ZQ operators (ɝ)194: 

Ὓ Ὓ Ὓ ; Ὓ Ὓ Ὓ Ὓ Ὓ ; Ὓ Ὓ Ὓ Ὓ Ὓ ,                                     (5.3) 

and the DQ operators (ɫ): 
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Ὓ Ὓ Ὓ ; Ὓ Ὓ Ὓ Ὓ Ὓ ; Ὓ Ὓ Ὓ Ὓ Ὓ                                 (5.4) 

with all these operators fulfilling the commutation rules: 

Ὓ ȟὛ ὭὛ ,  Ὓ ȟὛ ὭὛ  and ὛȟȟȟὛȟȟ π.                                               (5.5) 

Additionally, , where  is the identity operator. Notice that  can also be 

expressed as τὛ  and similarly τὛ . 

Following the ADRF process, the initial ”  θS1z + S2z density matrix will have become ”ᴂθ

Ὓ .25 Since the terms ὛὍ ‫ Ὅ in equation 5.2 commute with the rest 

of the Hamiltonian and with this ”, they can be ignored in the rest of the analysis.  The sole 

relevant rotating-frame Hamiltonian thus becomes: 

Ὄ ς‫ Ὓ Ὅ ‫ Ὓ ‫ Ὅ                                                                                                   (5.6) 

This Hamiltonian can be transformed into a tilted frame with the transformation Ὗ

ÅØÐὭὍ ÅØÐὭ Ὓ :  

Ὄ Ὗ Ὄ Ὗ ς‫ Ὓ Ὅ ‫ Ὓ ‫ Ὅ                                                   (5.7) 

The evolution of ” in this interaction frame can be simplified by defining three-spin ZQ & DQ 

sub-spaces, whose components are:  

Ὓ Ὓ Ὅ ;  Ὓ Ὓ Ὅ Ὓ Ὅ and Ὓ Ὓ Ὅ Ὓ Ὅ,                                  

and 

Ὓ Ὓ Ὅ ;  Ὓ Ὓ Ὅ Ὓ Ὅ;  Ὓ Ὓ Ὅ Ὓ Ὅ                                 (5.8) 

Both of these subspaces fulfill the usual commutation rules:  

Ὓ ȟὛ ὭὛ , Ὓ ȟὛ ὭὛ  and ὛȟȟȟὛȟȟ π.                                                           (5.9) 

With these operators one can express Ὄ  as:  

Ὄ ‫ ẗὛ Ὓ ‫ Ὓ Ὓ ‫ Ὓ Ὓ                                      (5.10) 

which can be reorganized into : 

Ὄ ‫ ‫ Ὓ ‫ ‫ Ὓ ‫ Ὓ Ὓ ‫Ὓ ‫Ὓ

‫ Ὓ Ὓ                                                                                         (5.11) 

where  ‫ ‫ ‫  and ‫ ‫ ‫  

Since the 3-spin ZQ and DQ sub-spaces commute among themselves we can split the 

Hamiltonian in Eq 5.11 once again into: 
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Ὄ ‫Ὓ ‫ Ὓ . 

Ὄ ‫Ὓ ‫ Ὓ                                           (5.12) 

Notice that these Hamiltonians are akin to a Hamiltonian defined by an offset on Ὓ ȾὛ  and an 

RF field on Ὓ ȾὛ . Moreover, when cast in this form the problem becomes completely analogous 

to the HH-CP Hamiltonian case, except three-spin ZQ/DQ operators replace the two-spin operators 

used in HH-CP67,68,195.  

The rotating frame ”ᶿ Ὓ  can now be transformed into the same tilted frame, where it 

becomes ”ᶿὛ Ὓ Ὓ . The spin dynamics of this term can then be calculated for the 

optimal matching conditions, which for a full transfer of the S dipolar order into I magnetization 

will demand an Ὓ ᴼ Ὓ  inversion. This complete transfer will only be possible if 

‫ ‫ ‫ π                                                                                                                (5.13) 

This is the analog of the HH matching condition, and hence we refer to it as the ADRF-CP 

matching condition: it demands that the strength of the heteronuclear RF matches the homonuclear 

dipolar field. As in HH-CP, it is also here safe to assume that ‫ ‫ ‫ ḻ‫ ȟ such that 

Ὄ Ὓͯ‫ , and then it commutes with ”. Therefore, also in the same manner as in HH-CP, 

the DQ conditions do not contribute to the polarization transfer under static conditions67,195.  

With this as background, the dipolar-order spin density matrix can be propagated as: 

” Ὓ Ὓ
 

ựựự ”ὸ Ὓ ÃÏÓ‫ ὸὛ ÓÉÎ‫ ὸὛ . 

Ὓ Ὅ ÃÏÓ‫ ὸ Ὓ Ὅ ÓÉÎ‫ ὸ Ὓ Ὅ Ὓ Ὅ . 

Ὓ ρ ÃÏÓ‫ ὸ Ὅρ ÃÏÓ‫ ὸ ÓÉÎ‫ ὸ Ὓ Ὅ Ὓ Ὅ .           (5.14)                                                      

Transferring back to the rotating frame, the result is an oscillatory term proportional to Ὅ, and an 

overall evolution that is analogous to what is found for HH-CP4:  

Ὓ ᴼ Ὓ ρ ÃÏÓ‫ ὸ Ὅρ ÃÏÓ‫ ὸ ÓÉÎ‫ ὸ Ὓ Ὅ Ὓ Ὅ  

(5.15) 

Appendix A4.2 presents a different derivation of the same result, performed by transferring to 

the RF and homonuclear dipolar interaction frames and then applying Average Hamiltonian 

Theory (AHT). 
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5.4.2 ADRF-CP under MAS 

When the sample is spun at the magic-angle, the heteronuclear and homonuclear dipolar 

couplings become time-dependent4,10,11: 

‫ ὸ В ‫ȟ ὩὼὴὭά‫ὸȟȟ             (5.16) 

where Ὧ and ὰ are the indices of the two different nuclei. As in the absence of shielding effects 

MAS averages away the two-spin dipolar static component (m=0 term), a minimum of three 

protons will be required to generate dipolar order under MAS25,190. For simplification, we will take 

into account the time-independent second-order average homonuclear dipolar Hamiltonian 

emerging under these conditions25,196,197 ïwhich will eventually commute with the second-order 

dipolar order that will be generated under MASï alongside the time-dependent heteronuclear 

dipolar coupling. The static second-order average homonuclear Hamiltonian will be given by: 

 Ὄ В ς‫ȟ Ὓ ὛὛ ὛὛ В ς‫ȟ Ὓ Ὓ  ,                                   (5.17)                                        

where ὛὛ ὛὛ ςὭὛ . And the time-dependent heteronuclear dipolar Hamiltonian can 

be expressed as67: 

‫ ὸ Ὣρ‍ȟ— ÃÏÓ‫ὸ ‰ Ὣ ‍ȟ— ÃÏÓς‫ὸ ς‰ .                                                     (5.18) 

where ‰ is the rotorôs initial phase. Based on these expressions and following the fictitious spin-

1/2 operators introduced in the static case, the overall rotating-frame Hamiltonian under MAS 

conditions can be expressed in terms of S-spin ZQ and DQ operators as: 

Ὄ ς‫ ὸẗὛ Ὓ Ὅ ς‫ Ὓ Ὓ ς‫ Ὓ Ὓ ς‫ Ὓ Ὓ ‫ Ὅ                                                                                                             

(5.19) 

Notice that here it is still  assumed that the I spin is only coupled to one of the S spins (S1), and a 

 factor was included inside the  ‫  coefficients (Eq. 5.17). 

While a full analytical solution for the evolution of dipolar order for this four spin case under 

MAS will be presented in a future study, a preliminary analysis of the energy levels arising from 

the Hamiltonian in Eq. 5.19 indicates that the matching conditions enabling a transfer of the 

second-order three-spin dipolar order to the I spin, will be of the form:   

‫ ὲ ά‫                                                                                                                           (5.20) 
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where  are the (necessarily positive) eigenvalues of  Ὄ  in Eq. 5.17, ά ρȟς are rotor-

imposed conditions, and ὲ ρȟς. Notice the similarity between this expression, and the ZQ and 

DQ matching conditions arising in HH-CPMAS (Eq. 1.58): ‫ ȟ ‫ ȟ ά‫ .   

 

5.5 ADRF-CPMAS: Numerical Simulations 

To get further insight on how MAS will influence ADRF-CP, a series of numerical simulations 

were carried out. As mentioned above two protons and a third I nucleus cannot support residual 

proton dipolar order;25 in effect, numerical simulations confirm that no ADRF-CPMAS occurs in 

such case (Figure 5.3a). By contrast, when three or more protons are present, ADRF-CPMAS 

transfer can occur (Figure 5.3b). Note that in order to observe dipolar order under MAS, and to 

obtain heteronuclear polarization by ADRF-CPMAS, the dipolar tensors of the protons cannot be 

aligned, as otherwise the dipolar Hamiltonian averages to zero even at higher orders.  For the 

remaining simulations in this section and unless otherwise stated, a five-spin system with four 

protons and a single 13C nucleus coupled to only one of the protons, was chosen. 

 
Figure 5.3. Numerical simulations of ADRF-CPMAS under MAS frequency of 12 kHz which include (a) two 

protons (green and blue) and a 13C nucleus (red) compared to (b) three protons and a 13C. Both plots have the same y 

vertical scale. The scheme of the coupling of the protons and the 13C is pictorial; in all cases the 13C was coupled only 

to proton 1 (in green) with a CH coupling of 200 Hz. A CP contact of 15 ms was assumed and 100 crystallites were 

used. (a) The 1H-1H ψ Ë(Ú, and the Euler angle of their dipolar tensor was set to ‍ τυᶼ. (b) Couplings as in 

case (a) plus ω Ë(Ú and χȢυ Ë(Ú. The Euler angles ‍ ‎ φπᶼ.   

 

Figures 5.3 and 5.4 show the matching conditions; as can be appreciated, they are dependent 

on the spinning speed, and are characterized by negative and positive enhancements around ά‫ . 

We ascribe these negative and positive enhancements to fulfillment of the DQ and ZQ matching 
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conditions described in Eq. 5.20.  Notice as well that, also as predicted by Eq. 5.20, the matching 

patterns for the m = 1, 2 conditions are nearly identical, and that as the spinning rate increases and 

an averaging of the residual homonuclear dipolar interactions occurs, there is in turn a narrowing 

of these ADRF-CPMAS matching profiles (Figure 5.4). These ‫  residual patterns end up acting 

in ways akin to those expected from weak 1H RFs in HH-CPMAS experiments. Their line shapes 

resemble those associated to MAS-averaged second-order quadrupolar line shapes, even if of 

course much smaller. Also in agreement with these theoretical considerations, broader matching 

conditions are revealed by the simulations as these 1H-1H residual dipolar fields increase (Figure 

5.5). Stronger 1H-1H dipolar couplings also enable transfers to occur at higher-order m = 0, nÓ3 

MAS conditions, even at high spinning frequencies (Figure 5.5).  In parallel to what happens in 

HH-CP, the 13C-1H coupling determines the rate of polarization transfer in these experiments, with 

larger 13C-1H couplings smoothing and speeding up the CP matching profile (data not shown).  

 

 
Figure 5.4. ADRF-CPMAS numerical simulations at a MAS frequency of (a) 12 kHz and (b) 25 kHz. A different 

vertical scale is used for panels (a) and (b). Five spin system (four protons) and a CH coupling of 200 Hz were 

employed. The simulation was averaged over 400 crystallite orientations with a CP contact time of 15 ms. The dipolar 

tensor orientations and couplings do not correspond to a physical system: ψ Ë(Ú and ‍ τυᶼ;  ω Ë(Ú 

and ‎ ρπᶼ;  ρρ Ë(Ú and ‌ ςπᶼ; χȢυ Ë(Ú and ‍ ‎ φπᶼ; υ Ë(Ú and ‍ ρπᶼ; 

χ Ë(Ú and ‌ ‍ ωπᶼ.  
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Figure 5.5. ADRF-CPMAS numerical simulations at MAS frequencies of (a) 12 kHz and (b) 25 kHz (different 

vertical scales are used for panels (a) and (b)). A five spin system (four protons) and a CH dipolar coupling of 1500 

Hz were used in the simulations, which were averaged over 100 crystallite orientations with a CP contact time of 15 

ms. The ADRF pulse was 10 ms long with a maximum RF amplitude of 1.7 kHz and 0.5 kHz in (a) and (b), 

respectively. The proton dipolar tensors orientations and strengths were based on transplatinôs geometry: 

ςτ Ë(Ú and ‌ ψχᶼ ‍ ρσπᶼ;  ςτ Ë(Ú and ‌ πȢφᶼ ‍ ρσψᶼ;  υ Ë(Ú and ‌ σρπᶼ ‍

υφᶼ; ςȢυ Ë(Ú and ‌ σρπᶼ ‍ ωυᶼ; ρȢτ Ë(Ú and ‌ ςωυᶼ ‍ υςᶼ; σ Ë(Ú and ‌

ςψπᶼ ‍ τσᶼ.   

 

When an isotropic J-coupling replaces the CH dipolar coupling, the polarization transfer occurs mainly 

via the ZQ m=0 condition (Fig. 5.6a). Similarly, an addition of a J-coupling of JCH=130 Hz on top of a CH 

dipolar coupling of 200 Hz, significantly increases the polarization transfer at the ZQ m = 0 condition 

compared to CH dipolar coupling of 200 Hz alone (Figures 5.6b and 5.4a).  

 

 
Figure 5.6. ADRF-CPMAS numerical simulations at a MAS frequency of 12 kHz showing the effect of J-

coupling. The same spin system and parameters as Figure 5.4 was used, with (a) JCH=130 Hz and (b) JCH=130 Hz as 

well as a CH dipolar coupling of 200 Hz. (a) and (b) are presented in the same vertical scale. 
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5.6 ADRF-CPMAS: Experimental Matching Profiles 

Based on the aforementioned simulations, we sought to assess ADRF-CPMAS experimentally 

on 13C and 15N at natural abundance for a number of compounds, and to characterize the matching 

conditions, build-up times, and the effect of RF-inhomogeneity and of the CSA on the 

heteronucleus.  

 
Figure 5.7. Experimental ADRF-CPMAS matching conditions of the 13C in adamantane. Integrated intensities 

of the two 13Cs  are shown as a function of the 13C RF amplitude for MAS frequencies of (a) 12 kHz, (b) 16 kHz, (c) 

20 kHz and (d) 25 kHz.  The 13C transmitter offset was set at 34.2 ppm, in between the two 13C peaks. The 13C RF 

amplitude was converted from Watts to kHz based on a calibrated nutation curve. For all experiments the recycle 

delay was 4 s, the ADRF pulse duration was 28 ms, and the acquisition time was 5.12 ms (carried out with TPPM 

decoupling using an RF amplitude of ca. 33 kHz). The 13C CP pulse duration was 25 ms for all except (d) where it 

was 15 ms. (a) and (b) were acquired with 8 scans, (c) was acquired with 34 scans and (d) with 48 scans.  The maximal 
1H RF amplitude of the ADRF pulse was set between 0.8 kHz-1.6 kHz.  

 

Figure 5.7 shows experimental ADRF-CPMAS matching condition profiles for MAS 

frequencies in the 12-25 kHz range, with plots of the integrated intensity of both 13C peaks of 

adamantane against the RF amplitude applied on the 13C.  It can be seen that these experimental 

matching conditions are modulated by the spinning frequency, and bear close similarities to the 
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numerical simulations performed for the small spin systems. As opposed to the ideal numerical 

simulations, however, these experimental results show differences in the efficiencies of the ZQ 

and DQ matching conditions, especially for the m = 2 condition. These differences change 

gradually when increasing the spinning frequency, and for a MAS frequency of 25 kHz only a 

negative óDQô signal with a minor ZQ ñtailò, is detected. The separation of the ZQ and DQ peaks 

for the m = 1 matching conditions decreases upon increase in the MAS frequency from ca. 1.4-1.6 

kHz at a MAS frequency of 12 kHz to 0.7-0.8 at a MAS frequency of 25 kHz, as is expected due 

to averaging of the homonuclear dipolar interaction, as seen in numerical simulations (Figures 5.4-

5.6), and as expected from Eq. 5.20. The m = 0 condition is weak and appears at a 13C RF amplitude 

of ca. 1 kHz for adamantane at a MAS frequency of 12 kHz (Fig. 5.7a), with a diminishing 

efficiency at higher spinning frequencies (Fig 5.7b-d).  Additionally, an m = 3 higher order 

matching condition was detected as a MAS frequency of 12 kHz, but with limited efficiency (data 

not shown).     

 
Figure 5.8. Experimental ADRF-CP matching conditions of 15N in ammonium sulfate under MAS. Intensity of 

the 15N ADRF-CP of ammonium sulfate signal as a function of RF amplitude on the 15N channel under MAS frequency 

of (a) 12 kHz, (b) 16 kHz and (c) 20 kHz. The 15N RF amplitude was converted from W to kHz based on a calibration 

curve. For all experiments the maximal 1H RF amplitude of the ADRF pulse was ca. 1.6 kHz and the recycle delay 
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was 6 s. (a) The data was collected with a 10 ms ADRF pulse, a 35 ms CP pulse on 15N and 100 scans. (b) The data 

was collected with a 5 ms ADRF pulse, a 25 ms CP pulse on 15N and 88 scans. (c) same as (b) except with 100 scans. 

 

Figure 5.8 shows measured ADRF-CPMAS matching profiles for the 15N in natural abundance 

ammonium sulfate. The matching profiles appear to be broader than for adamantane and with a 

stronger m = 0 matching condition, reflecting a stronger 1H-1H dipolar network. In parallel to what 

was seen for the 13C, asymmetries in the DQ/ZQ matching profiles were observed, particularly for 

the m = 2 matching condition; these become more marked with increasing MAS frequency.   

 

5.7 ADRF-CPMAS Build-Up Times 

The asymmetries shown by the ADRF-CPMAS matching profiles are not predicted by the 

simulations of idealized systems. One potential explanation for these asymmetries, including the 

MAS rate dependence of the asymmetries, could arise from differences in the build-up times: in 

effect all of the aforementioned data were collected for a given contact time, which may bias the 

intensity of one matching condition over the others. The ADRF-CPMAS build-up times are in 

general slower than their HH-CPMAS counterparts, typically requiring tens-of-ms to reach 

maximal polarization transfers. To explore this further, the build-up and decay times for 

adamantane and ammonium sulfate were measured, for different matching conditions and for 

different spinning speeds. The following equation for a classical two-spin CP model was used to 

fit the data198: 

 Ὅὸ ὍÅØÐ ÅØÐὸ                                                                                 (5.21) 

where Ὕ  is the heteronuclear buildup rate and Ὕ  the spin-lock decay time.  

 

Figure 5.9. Experimental ADRF-CP build-up times TCP for (a) adamantane and (b) ammonium sulfate under 

MAS for the different matching conditions. The DQ and ZQ conditions correspond to the negative and positive CP 

signal, respectively.  
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The CP build-up constant Ὕ  varies based on the RF amplitude on the I-channel. In particular, 

it appears that for the m = 2 matching condition the build-up times of the positive ZQ conditions 

are always slower than for the negative DQ condition (Figure 5.9).  This difference in the build-

up times of the ZQ and DQ conditions can partly explain the asymmetry observed in the ADRF-

CPMAS matching profiles. Indeed, substitution of the experimentally-derived parameters of these 

fits can be used to estimate the expected ratio of intensities between the ZQ and DQ (IntZQ/IntDQ) 

matching conditions, starting from the ideal IntZQ/IntDQ = -1 situation expected on the basis of the 

idealized numerical simulations. It then follows from the fits (Table 5.1) that IntZQ/IntDQ is 

expected to be -0.76 and -0.37 for adamantaneôs m = 2 conditions, at MAS rates of 12 kHz and 16 

kHz, respectively. Additionally, it is expected to be 0.87 for ammonium sulfate at 12 kHz MAS ï

all with a CP pulse of 35 ms. These results do not fully agree with the experimental results (Figures 

5.7a-b and 5.8a) but they do predict the trend between 12 kHz to 16 kHz MAS and help to explain 

the experimental asymmetry in the matching conditions.   

 

Table 5.1. estimated ratio of ZQ and DQ intensity based on Ὕ  and Ὕ  of the CP build-up fits. 

Ὅὲὸ ȾὍὲὸ  Adamantane nr= 12 

kHz 

Adamantane nr=16 

kHz 

Ammonium Sulfate nr=12 

kHz 

m = 1 1 0.96 0.94 

m = 2 0.76 0.37 0.87 
The calculation was done using equation 5.15, substituting t=25 ms for adamantane and t=35 for ammonium 

sulfate, which are the experimental CP pulse lengths in Figures 5.7a-b and 5.8a, respectively. Additionally, we 

assumed the same I0 value for both ZQ and DQ matching conditions.   

 

Another point to consider, is that the CP model in Equation 5.21 is not completely suitable for 

the CP dynamics of ADRF-CP. The Ὕ  factor, which in the original model represents the spin-

lock decay time of the abundant S-spin198, might in fact account for the effect of both Ὕ  and the 

Ὕ  decay of the I nucleus in the ADRF-CPMAS curves. The Ὕ  of the protons may then affect 

the polarization of the various ZQ/DQ and m transitions in a differential way. A more involved 

model which takes into account a proton reservoir in addition to the spin pair, has also been utilized 

to fit HH-CPMAS build-up curves of single crystals and powders198ï201. It is possible that this 

model could be adjusted to fit the ADRF-CPMAS build-up curves as well.  
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5.8 RF Inhomogeneity and the ADRF-CPMAS experiment 

In looking for additional non-ideal effects, the possible consequences of RF inhomogeneities 

come to the forefront. RF inhomogeneity has been shown to reduce the efficiency of HH-

CPMAS202,203; the same could arise in the ADRF-based cases.  

In order to test the presence and the consequences of RF inhomogeneity on ADRF-CPMAS 

experimentally, nutation spectra of a full adamantane rotor were measured and compared to those 

with the sample confined to the center of the rotor. While confining the sample in this manner 

improved the RF homogeneity, there still appeared to be a significant distribution (Figure 5.10a-

b). Notice that these inhomogeneities lead to óCSA-likeô distributions of RF fields for any nominal 

given amplitude, something that has also been noted in the literature202,204. Using this as 

background, the experimental 13C nutation spectra Ὑ’  containing the distribution of RF-

amplitudes, were fitted to the power-function model202: 

’ ὴ ’ ’ ’ ȿὴȿ                                                                                                  

 Ὑ’ ’ ’ Ⱦ with ’ ’ ’.                                                                                   (5.22) 

Here ’ is the RF amplitude (kHz); ’ and ’  are the values of RF amplitude at the center and 

at the edge of the rotor, respectively; p is the sample position (from -1 to 1) and ‭ is an exponent. 

We observed that ‭ values between 2 to 4 convoluted with 2 kHz line-broadening, capture the 

features of the nutation spectra, as well as ’ Ⱦ’ of 0.5-0.75 (Figure 5.10a-b); these values are 

in line with other experiments that have been reported202,204.  Interestingly, while there was a slight 

improvement in the sharpness of the nutation spectra with confinement, there were only minor 

differences in the ADRF-CPMAS matching profiles obtained with a full rotor and with a confined 

sample (Figure 5.10c).   

 
Figure 5.10. Effect of RF-inhomogeneity on ADRF-CPMAS. Experimental CP-detected nutation spectra at 12 

kHz MAS (black) compared to calculated ’Ὑ’  convoluted with 2 kHz line-broadening (red, purple) of (a) full 

rotor and (b) confined sample. (c) Comparison of ADRF-CPMAS matching profile (25 ms CP pulse) of a full rotor 

and a confined sample. The intensity of the measurements where normalized according to the number of scans.  



90 

 

 

With this as background, a series of numerical simulations that incorporated the experimentally-

measured RF inhomogeneity profiles, were carried out. These calculations (Figure 5.11) 

demonstrate that these and other long-tailed RF distributions can indeed cause a differential loss 

of intensity in the ZQ/DQ matching efficiencies, broadening the ADRF-CPMAS matching curves 

and breaking the ideal ZQ/DQ symmetry. However, while inhomogeneities can indeed explain 

some of the asymmetries observed in the experimental matching profiles (Figures 5.7-5.8), they 

do not explain the spinning-based differences in the asymmetry: m = 1 and m = 2 distortions look 

similar in the simulations, but not in the experiments.  The different build-up times noted above, 

however, could account for these differences. 

 
Figure 5.11. ADRF-CPMAS numerical simulations including RF-inhomogeneity at a MAS frequency of (a) 12 

kHz and (b) 25 kHz with the same spin-system as in Figure 5.5.  

 

 

5.9 Ramped ADRF-CPMAS 

While all the aforementioned results relied on a square I-pulse to effect the polarization 

transfer66,195, it is also common to include an adiabatic ramping on the I nucleus RF, leading to the 

ARRF experiment76,205. Ramping of the 1H pulse is also used routinely in HH-CPMAS, to broaden 

the CP matching conditions and reduce the sensitivity to B1-inhomogeneity183. Figure 5.12 

presents the effects of ramping the 13C CP pulse on the ADRF-CPMAS matching conditions for 

adamantane. Interestingly, when applying a 90% to 100% ramp compared to 100% to 90% ramp, 

the direction of asymmetry of the m = 1 and m = 2 matching profiles alters (Figure 5.12a-b). The 

matching profiles of a 50% ramp or a full ramp of 0% to 100% broaden considerably and manifest 

a very similar profile with a different intensity/efficiency. Moreover, there is an improved 

efficiency of the ramped ADRF-CPMAS when compared to the use of a square 13C pulse, 

especially for the 90% to 100% ramp (or the opposite); the transferred polarization is then 
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enhanced by ca. 1.5x. Also a 50%-to-100% ramping of the pulse leads to an enhancement (Figure 

5.12d inset).  

 

Figure 5.12. Experimental ramped ADRF-CP matching conditions of 13C in adamantane under 12 kHz MAS. A 

linear ramp was applied on the 13C RF with various extents: (a) 90% to 100% ramp (black) compared to a square pulse 

(dashed grey), (b) 100% to 90% ramp, (c) 50% to 100% ramp and (d) 0% to 100% ramp. All panels are plotted with 

the same vertical scale and the X-axis describes the maximum RF amplitude. Data were acquired with a recycle delay 

of 4 s, the ADRF pulse duration was 20 ms for the ramped ADRF-CPMAS and 28 ms for the square ADRF-CPMAS 

and the acquisition time was 5.12 ms (decoupling with TPPM using an RF amplitude of ca. 33 kHz). The 13C CP pulse 

duration was 15 ms for all and 14 scans were collected besides (d) where 22 scans were measured. In the inset of (d) 

a comparison between the spectra of square-pulse and ramped ADRF-CPMAS is given with a CP pulse of 35 ms, 

where an intensity increase of up to 1.5 is observed for the ramped ADRF-CPMAS.  

 

Interestingly, simulations that include a linear 90%-to-100% ramp (either up or down) on a 5-

spin system like in Figure 5.4, possessing a single 13C coupled to one 1H and considering only 

dipolar interactions, do not reproduce the higher efficiency and matching asymmetry that is 

observed experimentally (Figure 5.13a-b). However, coupling the 13C to several protons instead 

of only to one, can successfully reproduce these features (Figure 5.13c-d).   
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Figure 5.13. Numerical simulations of ramped ADRF-CPMAS under MAS frequency of 12 kHz (black curves) 

with the same parameters as in Figure 5.4, with linear ramps of a) 90% to 100% and b) 100% to 90%. (c-d) were 

simulated with a similar spin system as (a-b), except CH couplings to all four protons were added:  ρυππ Hz, 

σππ Hz (‍ ρπχᶼ, ρππ Hz (‌ ρςπᶼ , ςππ Hz (‍ ρπᶼ,‎ τπᶼ.  

 

5.10 ADRF-CPMAS and CSA 

A significant drawback of ADRF-CPMAS relates to the vicinity of the 13C matching conditions 

to those of rotary resonance recoupling (R3), which arise when the RF field strength matches 

multiples of the MAS frequency206. According to R3, when ‫ ὲὲ ‫ ρȟς the CSA 

interaction will be recoupled, and cause rapid dephasing of its associated spin-locked site in a 

powder sample206,207. Similar dephasings can originate from dipolar anisotropies, but in the case 

of dilute nuclei such as 15N and 13C homonuclear interactions can be disregarded, while 

heteronuclear dipolar couplings will be smaller in magnitude than the CSA (especially at high 

fields). These R3 effects would then diphase the I-spin spin-locked magnetization, being 

transferred via CPMAS-ADRF.  

To assess R3ôs potentially deleterious effects, the consequences of a sizable CSA were tested 

on hexamethylbenzene (HMB). At room temperature HMB has a methyl site with small-to-

negligible (dynamically averaged) CSA, and an aromatic site with a reduced anisotropy (‏

‏ ‏  of ~111 ppm208,209. In an 18.8 T magnet like the one used in this study, this corresponds 



93 

 

to ~ 22 kHz. Upon using spinning speeds of 16 kHz and setting the transmitter in-between these 

two sites, we could observe substantial build-up of the methyl 13C peak, but none for the aromatic 

peak (Figure 5.14a). We attribute this to the substantial CSA of the aromatic carbon, and its 

ensuing R3-driven dephasing. . This is in contrast to the HH-CPMAS results, where the matching 

conditions can be controlled and chosen not to overlap with the R3 condition.  Even under 30 kHz 

MAS some intensity is observed for the aromatic peak upon ADRF-CPMAS, but it is still weak 

and only arises for the n = 1 condition (Figure 5.14b).  

 

Figure 5.14. ADRF-CPMAS matching profiles of HMB under (a) 16 kHz MAS and (b) 30 kHz MAS. The 

intensity of both the aromatic peak (grey) and the aliphatic peak (black) are plotted. For all experiments the recycle 

delay was 4 s, the ADRF pulse duration was 20 ms, and the acquisition time was 5.12 ms (decoupling with TPPM 

using an RF amplitude of ca. 33 kHz). The 13C CP pulse duration was 15 ms for all. (a) was acquired with 48 scans, 

(b) was acquired with 72 scans.   

 

The presence of CSA on the 13C nucleus was considered via numerical simulations as well. It 

was observed that even small CSAs (Ò4 kHz) significantly affected the efficacy of ADRF-CPMAS 

(Figure 5.15). Solely the n = 0 matching condition remained, understandably, free from this effect. 

 
Figure 5.15. ADRF-CPMAS numerical simulations including CSA on 13C at a MAS frequency of (a) 12 kHz 

and (b) 25 kHz with the same spin-system as in figure 5.5 at a magnetic field of 18.8 T. The dashed grey lines represent 

‏ π, the blue lines ‏ ςπ ὴὴά (ca. 4 kHz) and the orange lines ‏ ρρπ ὴὴά (ca. 22 kHz) .  
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As the R3 condition is relatively narrow, the possibility to avoid it while benefiting from both 

DQ and ZQ enhancements was explored by adiabatically inverting sites with sizable CSA using 

an amplitude-modulated RF ramp207 for the I pulse. With a CSA of ~1 kHz it is then conceivable 

to spin-lock the I magnetization and invert its sign upon crossing from the DQ ïvia the R3 

conditionï to the ZQ matching condition, based on the direction of the ramp (Figure 5.16a-b). 

However, for larger CSAs , there was no significant build-up of the 13C signal even when 

incorporating an adiabatic ramp under spinning of 40 kHz (Figure 5.16c-d). Thus, further 

optimization is required or alternatively a different approach. These aspects are currently under 

study. 

 

Figure 5.16. ADRF-CPMAS numerical simulations including CSA on 13C at a MAS frequency of (a-b) 12 kHz 

and (c-d) 40 kHz. In (a-b) an anisotropy of ‏ υ ὴὴά (~1 kHz) was taken into account (black curve), with the 

same spin system as in Figure 5.4. A 15 ms 13C CP ramp was assumed. In (b-c)  ‏ ρρπ ὴὴά (~22 kHz) was 

taken into account (black curve) with the same spin system as in Figure 5.5. The CP ramp on 13C was 18.75 ms. The 

x-axis in all cases represents the maximum RF amplitude. The dashed grey curve in all panels is a simulation without 

CSA with a linear ramp. The insets in (a) and (c) show the transverse magnetization of a single 13C spin following a 

15 ms (90% to 100%) and 18.75 ms (67% to 100%) ramp-up through the m = 1 recoupling condition, respectively, vs 

‏  in kHz. 

 

 


