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Abstract

The finite-pulse radio frequency driven dipolar recoupling (fp-RFDR) pulse sequence is used in 

2D homonuclear chemical shift correlation experiments under magic angle spinning (MAS). A 

recent study demonstrated the advantages of using a short phase cycle, XY4, and its super-cycle, 

XY41
4, for the fp-RFDR pulse sequence employed in 2D 1H/1H single-quantum/single-quantum 

correlation experiments under ultrafast MAS conditions. In this study, we report a comprehensive 

analysis on the dipolar recoupling efficiencies of XY4, XY41
2, XY41

3, XY41
4, and XY81

4 phase 

cycles under different spinning speeds ranging from 10 to 100 kHz. The theoretical calculations 

reveal the presence of second-order terms (T10T2,±2, T1,±1T2,±1, etc.) in the recoupled homonuclear 

dipolar coupling Hamiltonian only when the basic XY4 phase cycle is utilized, making it 

advantageous for proton-proton magnetization transfer under ultrafast MAS conditions. It is also 

found that the recoupling efficiency of fp-RFDR is quite dependent on the duty factor (τ180/τR) as 

well as on the strength of homonuclear dipolar couplings. The rate of longitudinal magnetization 

transfer increases linearly with the duty factor of fp-RFDR for all the XY-based phase cycles 

investigated in this study. Examination of the performances of different phase cycles against 

chemical shift offset and RF field in homogeneity effects revealed that XY41
4 is the most tolerant 

phase cycle, while the shortest phase cycle XY4 suppressed the RF field inhomogeneity effects 

most efficiently under slow spinning speeds. Our results suggest that the difference in the fp-

RFDR recoupling efficiencies decreases with the increasing MAS speed, while ultrafast (>60 kHz) 

spinning speed is advantageous as it recouples a large amount of homonuclear dipolar couplings 

and therefore enable fast magnetization exchange. The effects of higher-order terms and cross 

terms between various interactions in the effective Hamiltonian of fp-RFDR are also analyzed 
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using numerical simulations for various phase cycles. Results obtained via numerical simulations 

are in excellent agreement with ultrafast MAS experimental results from the powder samples of 

glycine and L-alanine.
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Introduction

With the recent developments in NMR instrumentation, solid-state NMR spectroscopy is 

playing a crucial role in determining atomic-level structural and dynamics information for a 

variety of non-soluble and non-crystalline solids of chemical and biological molecules [1–

4]. In particular, the recent development of ultrafast magic-angle-spinning (MAS) probes 

has enabled the development of proton-detected radio-frequency (RF) pulse sequences [5–

14] and multidimensional techniques [15–19]. Increasing number of studies utilize ultrafast 

MAS techniques to study chemical [20–25], biological [26–35] and material [36–39] 

systems. A recent study demonstrated the feasibility of recoupling proton-proton dipolar 

couplings at ultrafast MAS frequencies by using the finite-pulse radio frequency-driven 

dipolar recoupling (fp-RFDR) sequence [40]. fp-RFDR, composed of a single 180° pulse at 

the center of each rotor period, recouples zero-quantum homonuclear dipolar couplings [41–

46]. In addition to the spinning speed and the 180° pulse width, the dipolar recoupling 

efficiency of fp-RFDR depends on chemical shift offset, RF field inhomogeneity, and the 

interference of chemical shift anisotropy (CSA) and heteronuclear dipolar couplings that are 

especially significant for low-γ (for example, 13C) nuclei [41]. XY-based phase cycling for 

the 180° pulse has been shown to overcome these limitations of the fp-RFDR sequence [41, 

47]. A recent study demonstrated that, for 2D 13C/13C chemical shift correlation 

experiments, the best performance of fp-RFDR under fast MAS could be achieved by a 

super phase cycle XY81
4 [47]. On the other hand, our recent study demonstrated that, for 

proton-based homonuclear correlation experiments, the fp-RFDR pulse sequence had the 

highest recoupling efficiency when a short phase cycle, XY4, or its super-cycle, XY41
4, was 

used under ultrafast MAS frequencies [40]. It should be noted that XY4 and XY41
4 phase 

cycles corresponding to  and  symmetry, respectively, recouple zero-

quantum homonuclear dipolar couplings [48–50]. As demonstrated in our previous study 

[40], XY4 and XY41
4 render a superior performance when compared to XY8 

(corresponding to the  symmetry) and XY8-based super-cycles such as XY16 

and XY81
4 corresponding to  and  symmetry, 

respectively. This fact is further demonstrated by performing fp-RFDR based experiments 

on U-13C-glycine at 60 kHz MAS for all the phase cycling schemes including XY41
3 and 

the results are shown in Figure S1. These results are in excellent agreement with the 

experimental results obtained from alanine at higher MAS speeds [40]. In this paper, we 

mainly analyze the recoupling efficiencies of XY4 based super cycling schemes and XY81
4.
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Though the performances of these phase cycling schemes have been experimentally 

demonstrated, reasons for the inefficient performance of XY8 and superior performances of 

XY4 and XY41
4 for 1H-based RFDR experiments are not well understood. The factors 

affecting the performance of an RFDR sequence could vary with the choice of nuclei under 

investigation, while the RF field inhomogeneity effect is common for all nuclei but 

dependent on the type of MAS probe used in the study. For example, the performance 

of 13C-based RFDR experiments could highly depend on the large chemical shift anisotropy 

of 13C nuclei, chemical shift offset, heteronuclear dipolar couplings, and higher order terms 

among these interactions. Whereas, even under ultrafast MAS conditions, the very 

large 1H-1H dipolar couplings affect the performance of 1H-based RFDR experiments. For 

example, unlike for 13C nuclei, the loss of 1H magnetization in fp-RFDR with XY8 or its 

super cycles is significant [40]. In addition, higher-order terms in the effective Hamiltonian 

of fp-RFDR as well as the cross-terms such as dipolar-dipolar interactions, dipolar coupling 

- offset, and dipolar coupling - RF field inhomogeneity could affect the performance of a 

phase cycling scheme used in a 1H-based RFDR experiment. In this study, we 

systematically analyze the performance of fp-RFDR, based on various XY-based phase 

cycling schemes, at different magic angle spinning speeds. The transfer of longitudinal 

magnetization via homonuclear dipolar couplings recoupled by fp-RFDR is calculated using 

SIMPSON [51, 52] for various phase cycling schemes to compare their performances 

against RF field inhomogeneity, chemical shift offset, chemical shift anisotropy (CSA) and 

duty factor (defined as the ratio of the 180° pulse length to the rotor period, f = τ180/τR). 

Numerical simulations on three spin ½ and two spin ½ systems were carried out to evaluate 

the effects of higher-order terms as well as the cross-terms in the effective Hamiltonian of 

fp-RFDR. Experimental results obtained under ultrafast MAS are also included.

Experimental

All proton NMR experiments at 60 kHz MAS were performed on a Agilent/Varian 600 

MHz solid-state NMR spectrometer equipped with a 1.2 mm ultrafast MAS probe, while a 

600 MHz JNMECA600II solid-state NMR spectrometer (JEOL RESONANCE Inc., Tokyo, 

Japan) equipped with a 0.75 mm ultrafast MAS probe was used to perform experiments at 

90 kHz MAS. U-13C-glycine and U-13C-15N-L-alanine were purchased from Cambridge 

Isotope Laboratory (Andover, MA), and were used as received without any further 

purification for comparing the fp-RFDR efficiencies under different phase cycling schemes. 

All other experimental conditions used in this study are given in figure captions.

Simulations

All numeric simulations were performed using the SIMPSON software [51, 52]. For the 

three spin ½ model system used in this study, three nuclei (represented as H1, H2 and H3) 

with equal inter-spin distances were considered in the simulations under 10, 20, 40, 60, and 

100 kHz MAS. The magnetization of one of the nuclei (H1) is selectively prepared first and 

then its longitudinal magnetization is allowed to evolve under the recoupled homonuclear 

dipolar couplings to calculate the build-up of the longitudinal magnetization of H2 as a 

function of fp-RFDR mixing time. The homonuclear dipolar coupling was varied from 1 to 

29.3 kHz to evaluate the efficiency of fp-RFDR under various conditions. For simulations 
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on a two spin ½ system, the two spin 1/2 nuclei H1 and H2 are considered and other 

parameters are the same (or similar) as used for the three spin ½ system. The RF field 

strength was deliberately misset to evaluate the effect of RF field inhomogeneity. The 

simulated results are valid for any nuclei, but defined by the strength of homonuclear dipolar 

coupling: a strong homonuclear dipolar coupling correspond to high-γ nuclei (like 1H, 19F 

or 31P) present in a rigid solid whereas a weak homonuclear dipolar coupling can be 

associated with either high-γ nuclei (like 1H, 19F or 31P) present in a mobile solid or low-γ 

nuclei (like 13C) present in a rigid solid. Chemical shift anisotropy and chemical shift offset 

were set to zero in simulations unless otherwise specific values are mentioned. To compare 

the efficiencies of different phase cycling schemes against CSA, we also used a three 13C 

spin system with a 13C-13C dipolar coupling of 1 kHz for each spin pair. In fact, a recent 

study reported the performances of XY8, XY16 and XY81
4 against CSA in RFDR-based 

2D 13C/13C chemical shift correlation experiments [47].

Theoretical analysis of the fp-RFDR pulse sequence

To better understand the difference in recoupling efficiencies of various RFDR phase 

cycling schemes investigated in this study, symmetry based theoretical analysis of the 

effective Hamiltonian is given in this section [48]; a detailed derivation process is included 

in the Appendix. All RFDR phase cyclings can be categorized into the (super-cycled) 

symmetry based sequence. The symmetry based theory can be used to identify the terms 

recoupled in the first-order and in the higher-order average Hamiltonian. RFDR with XY4 

can be written by the basic building block, , which comes from phase shift of . 

Based on the symmetry selection rules,  can recouple the first order average Hamiltonian 

of (l, m, λ, μ) = (2,±2,2,0) and (2,±1,2,0), where l and λ represents space rank and spin rank 

of the tensors, while m takes any integer which satisfy |m|≤ l and μ with |μ| ≤ λ. The phase 

inversion of all RF pulses makes the sequence . The average Hamiltonian 

 can be written as

(1)

where  is the Kth order average Hamiltonian of interactions ΛQ(Q = 1,2,3…K) 

with λQ representing the rank of the interaction, R(θ, p) describes the θ rotation of 

Hamiltonian H along the p axis through R(θ, p)HR(θ, p)†. The first-order average dipolar 

Hamiltonian can be written as

(2)

Since the first-order average Hamiltonian of  is zero-quantum dipolar interactions, the 

Hamiltonian is invariant for rotations along the x axis:

(3)
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The second order homonuclear dipolar × CSA cross terms of (l1, m1, λ1, μ1) = (2,±2,2,0) and 

(2,±1,2,0) with arbitrary sets of (l2, m2, λ2, μ2) are symmetry allowed term. This also applies 

to homonuclear dipolar × isotropic chemical shift. The term with μ2 = 0 can be written as

(4)

The ϕ rotation of all RF pulses of  gives the average Hamiltonians of

(5)

Basically, ϕ step super cycling such as XY41
n removes the terms which has nonzero μ. 

Since the first-order average Hamiltonian of  is composed of μ = 0 terms, the 

Hamiltonian is invariant to rotations. Thus, , which is given by ϕ shift of all RF 

pulses of , results in the average Hamiltonian:

(6)

Therefore, the first-order average Hamiltonians are the same for XY4, 

, and 

. On the other hand, the higher-order average Hamiltonians differ. 

has many symmetry allowed second order CSA × CSA terms of H̅
l1m1λ1μ1l2m2λ2μ2 with m1 

+ m2 = 0,±1,±2,±3,±4 and (μ1, μ2) = (±1,∓1). All these cross terms results in spin operators 

of T1,0(∝ Iz) in the spin part of the Hamiltonian. These cross terms interfere the 

magnetization transfer process in the RFDR pulse sequence. However, the cross terms can 

be removed by combining with phase-inverted RF pulses such as XY8. XY8 also removes 

the homonuclear × CS(A) cross terms with μ2 = 0, as demonstrated in Eq. (4). The terms 

with μ2 ≠ 0 can be removes by XY81
4 super cycling. These are the reason why the super 

phase cycle XY81
4, based on XY8, works well in RFDR-based 13C-13C dipolar recoupling 

in spite of the presence of large 13C CSA and offset. On the other hand, there are many 

higher-order terms in the effective Hamiltonian that could assist the magnetization transfer 

process. For example, dipolar × dipolar cross terms that involve (l2, m2, λ2, μ2) = (2,±2,2,0) 

and (2,±1,2,0) could play a role in the magnetization transfer during fp-RFDR. These dipolar 

× dipolar cross terms involve zero-quantum and double-quantum homonuclear terms can be 

removed by the super phase cycles. Therefore, the shortest phase cycle, XY4, gives a high 

dipolar recoupling efficiency in proton-based RFDR homonuclear correlation experiments 

when the 1H-1H dipolar coupling is large as observed in our experiments on glycine (Figure 

S1) and alanine [40]. For the benefit of readers, a detailed derivation of first-order and 

higher-order terms in the effective Hamiltonian using the average Hamiltonian theory is 

given in the Appendix.

Results and Discussion

A recent study on fp-RFDR based 2D 1H/1H SQ/SQ correlation experiments under ultrafast 

MAS conditions proposed XY4, XY41
4 and XY81

4 phase cycling schemes for an efficient 
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transfer of longitudinal proton magnetization, whereas other phase cycling schemes like 

XY8, XY16, XY32 and XY64 were found to be inefficient [40]. In the present study, we 

systematically investigate and compare the efficiency of the fp-RFDR pulse sequence by 

employing XY4, XY41
2, XY41

3, XY41
4 and XY81

4 phase cycling schemes. The 

magnetization transfer efficiency of fp-RFDR depends on a combination of various factors 

including the magnitude of homonuclear dipolar couplings present in the system, spinning 

speed, duty factor, RF field inhomogeneity, chemical shift offset, and chemical shift 

anisotropy. While it is difficult to fully understand the role of each of these factors from 

experimental results alone, numerical simulations are used in this study to evaluate 

independent effects of these factors by calculating the magnetization transfer efficiency of 

the fp-RFDR sequence. In addition, numerical simulations were carried out to understand 

the effects of higher-order terms as well as the effects of cross terms between various 

interactions present in the effective Hamiltonian of fp-RFDR.

Spinning speed dependence

Longitudinal magnetization transfer efficiencies of fp-RFDR employing XY4, XY41
2, 

XY41
3, XY41

4 or XY81
4 phase cycling schemes for various spinning speeds were evaluated 

by numerical simulations using SIMPSON and the results are shown in Figures 2 and S2. 

These results indicate that the rate of magnetization transfer increases with the MAS speed. 

The decay of H1 magnetization as well as the buildup of H2 magnetization are induced only 

when π pulses have a finite pulse width as explained in the literature [41]. For a constant RF 

field strength used for the 180° pulse in the fp-RFDR sequence, the duty cycle of the π pulse 

in a rotor period increases with the increasing spinning speed, indicating a longer spin 

evolution time during the RF field within a rotor period. Therefore, the magnitude of the 

recoupled dipolar coupling between protons is increased and therefore the build-up rate of 

the longitudinal magnetization transfer is enhanced with the MAS speed. This effect is 

clearly seen from the simulated results for a strongly dipolar coupled spin system in Figure 

2. The rate of magnetization transfer for all phase cycling schemes is fast under fast spinning 

speeds with the following order: 100 > 60 > 40 kHz. In addition, the simulated results 

presented in Figure 2 show that the shorter the phase cycling period, the faster the rate of 

magnetization transfer. However, it is due to the strong 1H-1H dipolar coupling (29.3 kHz) 

used in the simulation, that result in a rapid magnetization transfer to reach the maximum 

within just one phase cycle period. If the polarization buildup intensity is monitored after 

every four rotor periods for all the phase cycling schemes, then it is found that the buildup 

rate is the same (as shown in Figure S3). In the case of a weakly dipolar coupled spin 

system, all the phase cycles have the same buildup rate as shown in Figure 4. However, the 

final equilibrium intensity reflecting the magnitude of magnetization transfer is different 

indicating the difference in the recoupling efficiencies of different phase cyclings.

Dependence on the duty factor

As mentioned earlier, the recouping efficiency of fp-RFDR also depends on the duty factor 

f=τ180/τR. To better understand this effect, numerical simulations were used to calculate the 

dependence of the longitudinal magnetization build-up (or transfer) rate – that is the inverse 

of the mixing time needed to reach the maximum magnetization transfer – as a function of 

the duty factor of the fp-RFDR sequence for various phase cycles and the results are shown 
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in Figure 3. Since the build-up rate is very fast as compared to the phase cycling time for a 

homonuclear dipolar coupling larger than 5 kHz, we restricted our calculations to dipolar 

coupling values of 1 and 5 kHz; even a 5 kHz dipolar coupling is too fast for a long phase 

cycling like XY81
4. It is interesting to find that the magnetization buildup rates are basically 

the same for different phase cycling schemes under 60 kHz MAS (Figure 3A and 3B). 

Similar results were also observed for other MAS speeds (results are not shown). 

Simulations also show that the magnitude of the transferred longitudinal magnetization at a 

mixing time of 100 ms is very similar for different phase cycling schemes (Figure 3C–F) 

except that XY41
3 and XY81

4 exhibit a decreasing amount of magnetization transfer for 

large duty factors (>0.1) when the homonuclear dipolar coupling is large (>20 kHz) as 

shown in Figure 3(E and F). Overall, the calculated build-up rate increases linearly with the 

duty factor of the fp-RFDR pulse sequence as shown in Figure 3(A and B). It seems that the 

duty factor is the only parameter that determine the magnetization buildup rate (or the 

transfer efficiency) and the extent of magnetization transfer. In principle, this is 

understandable based on the theoretical analysis reported in the literature [41] as the 

magnetization transfer occurs only when π pulses have a finite pulse width and the 

homonuclear dipolar recoupling is actually dependent on the spin evolution during the π 

pulse. However, for a given spinning speed and RF field strength used for the π pulse, the 

recoupling efficiency of the fp-RFDR sequence is different for different phase cycling 

schemes as shown in Figure 2 (and Figure S2). Therefore, these results suggest that the fp-

RFDR dipolar recoupling efficiency is quite dependent on the strength of homonuclear 

dipolar couplings present in the spin system as shown in Figure 3(C–F).

Dependence on the homonuclear dipolar coupling

As mentioned above, the magnetization transfer efficiency of the fp-RFDR pulse sequence 

also depends on the strength of homonuclear dipolar couplings present in the system in 

addition to its dependence on the duty factor. To better explain this effect, simulations were 

performed for spin systems that differ in homonuclear dipolar couplings at different 

spinning speeds and the results are shown in Figures 4 and S4. The simulated results 

indicate that the rate of magnetization transfer depends on the spinning speed as well as on 

the phase cycling scheme used. As discussed above (Figures 2 and S3), the buildup rates for 

different phase cycling schemes are the same. The difference seen in Figure 4 only results 

from the difference in the phase cycling periods, as the buildup intensity is calculated after 

each phase cycling period. However, there is a small difference in the final equilibrium 

intensity, which decreases with decreasing magnitude of homonuclear dipolar coupling.

Simulated results also suggest that the rate of magnetization transfer obtained for a given 

homonuclear dipolar coupling is the same for a two spin ½ system under different phase 

cycles as shown in Figure 5A. It is surprising that even when the 180° pulse width is 

infinitely small, the magnetization transfer occurs for a three spin ½ system but not in the 

case of a two spin ½ system, as shown in Figure 5B. This result indicates that the higher-

order homonuclear dipolar interactions introduced by the third spin (as also explained in the 

theoretical section) do play a major role in the magnetization transfer process as discussed 

below.
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Effects of higher-order dipolar-dipolar terms in the effective Hamiltonian of fp-RFDR

The calculated build-up rates for different phase cycles were basically the same as shown for 

a two (Figure S5) and three (Figure 3 (A and B)) spin ½ systems; the use of a very strong 

dipolar coupling (>10 kHz) resulted in a maximum magnetization transfer in just one fp-

RFDR cycle. The build-up rates for different phase cycles are the same for a given 

homonuclear dipolar coupling and duty factor as indicated in Figure 5A. These results seem 

to suggest that the effects of higher-order terms in the effective Hamiltonian of fp-RFDR are 

negligible. However, the buildup rate for a three spin ½ case is faster than that for the two 

spin ½ system (Figure S6). Therefore, the presence of higher-order dipolar-dipolar cross 

terms does enhance the magnetization transfer efficiency during fp-RFDR mixing time as 

explained in the theoretical section. Actually, the second-order term is much smaller than the 

first-order term, and the super cycles are efficient in suppressing most of the second-order 

terms, rendering it less prominent especially when the dipolar coupling is weak. This 

explains why XY8 based cycles perform well for low γ nuclei like 13C that have weak 

homonuclear dipolar couplings unlike protons [47].

Chemical shift offset effect

Since the span of chemical shift increases with the applied magnetic field, it is important to 

evaluate the efficiency of the fp-RFDR pulse sequence against the offset frequency. 

SIMPSON simulations were performed on a three spin ½ system to evaluate the transfer of 

longitudinal magnetization via homonuclear dipolar couplings recoupled by the fp-RFDR 

pulse sequence for different offset frequencies. As shown in Figure 6, simulated results 

show that fp-RFDR gains better tolerance to the chemical shift offset with increasing MAS 

speed. Overall, the super cycles XY41
4 and XY81

4 are more effective in suppressing the 

chemical shift offset effect, while short phase cycles XY4 and XY41
2 are more effective at 

on-resonance and for small offset values (~ 1 kHz). XY41
4 renders the most robust 

performance, which is in complete agreement with our previously reported experimental 

results [40].

To examine the effect of a cross term between the dipolar coupling and chemical shift offset, 

numerical simulations were carried out using SIMPSON on a two spin ½ system and 

compared with that obtained from a three spin ½ system, as shown in Figure 7. The 

simulated results on a two spin ½ system revealed that only the short phase cycles XY4 and 

XY41
2 exhibit a significant dependence on the offset frequency (Figure 7A), while a 3 kHz 

chemical shift offset has a negligible effect on the fp-RFDR’s efficiency of magnetization 

transfer in a three spin ½ system for all phase cycles (Figure 7B). These results suggest that 

the super cycles are successful in overcoming the effects of offset and dipolar-offset cross 

terms. Whereas, it is interesting to note that the offset dependences of short phase cycles 

XY4 and XY41
2 (Figure 7A) are suppressed by the presence of the dipolar-dipolar cross 

term introduced by the third spin (Figure 7B). But, as shown in Figure 6, large offsets (>3 

kHz) significantly affect the performance of short phase cycles.

Since the 13C-13C dipolar coupling is small, the dipolar – dipolar cross term is negligible in 

a 2D 13C/13C fp-RFDR correlation experiment. Therefore, XY4 is expected to have a lower 

efficiency than the super-cycles XY41
4 and XY81

4 when a large chemical shift offset is 

Zhang et al. Page 8

J Magn Reson. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



present. An experimental demonstration of the performances of XY4, XY41
4 and XY41

8 

phase cycles on U-13C-15N L-alanine under 90 kHz MAS is shown in Figures 8 and S7. 

Since the 13C chemical shifts of 13CH3 to 13CH and 13COOH groups are quite different, 

alanine is an excellent system to demonstrate the offset-compensating efficiencies of the 

phase cycles used for the fp-RFDR sequence. The loss of longitudinal magnetization and the 

magnetization transfer as a function of fp-RFDR mixing time were measured from 

2D 13C/13C chemical shift correlation experiments. As shown in Figures 8A and S7, the loss 

of 13CH3 magnetization is similar for all the three phase cycles during a short fp-RFDR 

mixing time (<3 ms), but for long mixing times XY41
4 renders the best performance. The 

transfer of longitudinal 13C magnetization was measured from the intensities of cross peaks 

observed in 2D 13C/13C spectra as a function of the fp-RFDR mixing time for different 

phase cycles. Sample spectral slices extracted from 2D 13C/13C spectra and the 

corresponding cross peak intensities are shown in Figure S7. Results presented in Figures 

8(B and C) and S7 show that the 13C longitudinal magnetization transfer from the 13CH3 

to 13CH and 13COOH resonances (Figure 8(B and C)) under XY41
4 and XY81

4 phase cycles 

are similar and better than that obtained using the XY4 phase cycle for the fp-RFDR 

sequence; the performance of XY81
4 is slightly better that that of XY41

4 for longer mixing 

times. These results demonstrate that XY41
4 and XY81

4 phase cycles efficiently suppress 

the effects of chemical shift offset whereas XY4 is inefficient. These results are in 

agreement with previously reported experimental studies [40, 47].

Chemical Shift Anisotropy effect

The small size proton CSAs are usually averaged out by MAS, and therefore they do not 

affect the performance of the fp-RFDR pulse sequence for 2D 1H/1H homonuclear 

correlation experiments. However, for low-γ nuclei, such as 13C, chemical shift anisotropy 

may not be completely suppressed even under ultrafast MAS conditions. Therefore, we 

examine the performance of the RFDR phase cycling schemes against CSA, and the results 

are shown in Figure 9. Three 13C spins, with 1 kHz 13C-13C dipolar coupling for each spin 

pair, were used in the simulation. The chemical shift offset was set at 12 kHz (~80 ppm in a 

600 MHz NMR spectrometer). As shown by the simulated results in Figure 9, XY4 and 

XY41
2 have low recoupling efficiencies, as the dipolar-dipolar cross term is too small to 

compensate the chemical shift offset effect as explained above. In contrast, the super-cycles 

XY41
3, XY41

4 and XY81
4 exhibit high recoupling efficiencies as well as tolerance to CSA. 

Overall, XY81
4 exhibits the best performance against CSA in good agreement with 

experimental data shown in Figure 8.

RF field inhomogeneity effect

SIMPSON simulations were carried out to evaluate the transfer of longitudinal 

magnetization via the homonuclear dipolar couplings recoupled by the fp-RFDR pulse 

sequence for different RF field inhomogeneity values. As shown in Figure 10, the fp-RFDR 

pulse sequences have better tolerance to the RF field inhomogeneity with increasing MAS 

speed. However, it is interesting to find that the shortest phase cycle XY4 renders the most 

robust performance against the RF field inhomogeneity as compared to other super-cycles at 

lower spinning speeds (up to 40 kHz), whereas at 100 kHz MAS most phase cycling 

schemes exhibit the same efficiency against the RF field inhomogeneity except XY41
2. 
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These results for lower spinning speeds are unexpected, as the super-cycles XY41
4 and 

XY81
4 are expected to compensate the effect of RF field inhomogeneity better than that of a 

basic phase cycling unit like XY4, as reported in the 13C/13C fp-RFDR-based correlation 

experiments [47].

A comparison of the performances of different phase cycles against the RF inhomogeneity 

for two and three spin ½ systems would be beneficial to evaluate the effect of dipolar 

coupling - RF field inhomogeneity cross terms in the effective Hamiltonian of fp-RFDR. 

The RF field inhomogeneity effect for a two spin ½ system shown in Figure S8 suggests a 

similar overall performance for all the different phase cycles under different MAS speeds. 

However, the tolerance to the RF field inhomogeneity for a two spin ½ system is quite 

different from that for a three spin ½ system as shown in Figure 11. The simulated results 

reveal that the dipolar coupling - RF field inhomogeneity cross terms introduced by the 

presence of the third spin significantly reduced the magnetization transfer efficiency for all 

the phase cycles.

An examination of the RF inhomogeneity effect for a rather weakly dipolar-coupled system 

is shown in Figures S9 and S10, where all the phase cyclings exhibit similar performances 

against the RF inhomogeneity. The comparison of the RF inhomogeneity effect for two and 

three spin-1/2 systems in Figure S10 also shows that the dipolar coupling - RF field 

inhomogeneity cross terms introduced by the presence of the third spin significantly reduced 

the magnetization transfer efficiency for all phase cycles.

Conclusion

In this study, recoupling efficiencies of XY-based phase cycling schemes - XY4, XY41
2, 

XY41
3, XY41

4, and XY81
4 - for the fp-RFDR pulse sequence under different MAS speeds 

were analyzed using the average Hamiltonian theory with second-order terms and 

SIMPSON simulations on two and three spin-½ systems with strong and weak homonuclear 

dipolar couplings. The average Hamiltonian reveals the presence of certain second-order 

terms that are not suppressed by the super cycles. In particular, the presence of  and 

 (as well as  and )terms makes the XY4 phase cycle a good 

choice for proton-based fp-RFDR homonuclear correlation experiments. In addition, 

simulated results revealed that the recoupling efficiency of fp-RFDR is quite dependent on 

the duty factor (τ180/τR) of the sequence as well as on the strength of homonuclear dipolar 

couplings in the system. The rate of magnetization transfer was found to increase linearly 

with the duty factor for all phase cycles. At fast MAS frequencies (40 – 100 kHz), the 

recoupling efficiencies of all the phase cycles were found to be very similar for a weakly 

dipolar coupled system, while XY4 and XY41
4 are better than XY81

4 for a strongly coupled 

system. Furthermore, at slow spinning speeds (10 and 20 kHz), the short phase cycling 

scheme, XY4, could be preferable as it has a high recoupling efficiency and tolerance to the 

RF field inhomogeneity if offset is not large (like in protons); otherwise, a super-cycling 

scheme, XY41
4, is recommended as it overcomes the effect of chemical shift offset and RF 

field inhomogeneity effects. Finally, the effect of higher-order dipolar coupling terms and 

the cross terms between various interactions (such as dipolar coupling, chemical shift offset, 
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and RF field inhomogeneity) were also evaluated using numerical simulations. The higher-

order dipolar-dipolar coupling terms were found to enhance the magnetization transfer 

efficiency during fp-RFDR mixing time, and suppress the offset effects for short phase 

cycles, whereas the dipolar coupling - RF field inhomogeneity cross term reduced the 

magnetization transfer efficiency. Overall, these findings are in excellent agreement with our 

experimental findings for experiments under ultrafast MAS conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix

The derivation of first-order effective Hamiltonian, as given by Ishii [41], and the 

calculation of second-order terms are presented. Following the derivation given in reference 

[41], the time-dependent interaction Hamiltonian in the RF interaction frame of RFDR pulse 

sequence is given as:

(A1)

(A2)

(A3)

Δt = t − (n − 1)τR, and (n − 1)τR ≤ t < nτR. ρn = (−1)n σn, σn is the symmetry sign of the nth 

pulse. β and γ are the Euler angles which define rotation in spin space. Ωj(t) is the sum of 

isotropic and time-dependent anisotropic chemical shifts for nuclei j, while Djk(t) is a time-

dependent dipolar coupling constant between spins j and k. Also,

(A4)

ϕn is the phase for the nth π pulse in a fp-RFDR cycle.

The above equations are valid for an fp-RFDR sequence that employs phase/amplitude 

modulation or composite π pulses. In present study only rectangle π pulses without any 

phase/amplitude modulations are used; therefore, γ=0, β=ω1 τ at the end of π pulse. ω1 is the 
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RF field strength for the π pulses, and τ is the π pulse width. As a result, the time-dependent 

chemical shift and homonuclear dipolar coupling Hamiltonians given in equations (A2) and 

(A3) can be simplified as:

(A5)

(A6)

Using equations (A1), (A5) and (A6), and the following relations,

(A7a)

(A7b)

(A7c)

(A7d)

the Hamiltonian in the RF interaction frame can be written as:

(A8)

(A9)

(A10)

According to the average Hamiltonian theory [53, 54], the effective Hamiltonian can be 

obtained using the Magnus expansion as given below.

(A11)

where

(A12)
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(A13)

(A14)

The interaction Hamiltonian fulfills the periodic condition:

(A15)

tc is the cycle period for the fp-RFDR pulse sequence.

Therefore, the first-order average interaction Hamiltonian in the RF interaction frame is:

(A16)

(A17)

(A18)

where L is the number of π pulses in a fp-RFDR cycle. With XY4 phase cycling (or its super 

cycles or XY81
4) as the phase cycling scheme for fp-RFDR,  is averaged to zero due to 

the presence of the prefactor (−1)n−1 exp(imΦn), while  contains only the zero-quantum 

term T2,0, as the prefactor exp(imΦn) is constant (i.e. 1 for m=0) for T2,0 terms. The effective 

Hamiltonian at different time periods in fp-RFDR do not commute with each other. As a 

result, cross terms in the second-order average Hamiltonian, such as chemical shift-dipolar 

coupling cross terms, zero quantum-double quantum (ZQ-DQ) dipolar coupling cross terms, 

and so on, are present.

The effective chemical shift and dipolar coupling Hamiltonians in the RF interaction frame 

can be written as follows:

(A19)

(A20)

where

Zhang et al. Page 13

J Magn Reson. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(A21a)

(A21b)

(A21c)

(A21d)

(A21e)

Therefore, for a two spin-1/2 system, the effective Hamiltonian is:

(A22)

As mentioned above, every term with a prefactor of (−1)n−1 exp(imΦn) will be averaged to 

zero over all RFDR phase cycling schemes used in this study, except for the XY4 phase 

cycling. The terms with a prefactor of (−1)n−1 exp(±i2Φn) survives for the XY4 phase 

cycling. The terms with a prefactor of exp(imΦn) for m=0 as well as cross-terms without a 

prefactor also survive. As a result, the second-order terms in the Hamiltonian are averaged 

to zero for a two spin-1/2 system, except the commutator 

 that correspond to 

terms, respectively, when the XY4 phase cycling is used.

On the other hand, for a three spin-1/2 system, the effective Hamiltonian in the RF 

interaction frame is complicated and also different from the two spin-1/2 case as shown 

below.

(A23)

All the second-order terms are averaged to zero, except the commutators: 

, 

corresponding to , respectively. These 

higher-order terms contribute to the magnetization transfer under fp-RFDR especially when 

the homonuclear dipolar coupling is large (like in the case of protons), as reflected in the 
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numerical simulations shown in Figure 5. In particular, when the XY4 phase cycling is used, 

the terms with a prefactor of (−1)n−1 exp(±i2Φn), (i.e.  and  terms), 

are non-zero. Both the terms contain the double-quantum operators (  and ), that 

contribute to the magnetization transfer efficiency rendered by the XY4 phase cycling. This 

explains the faster build-up rate observed for the fp-RFDR pulse sequence that utilizes the 

XY4 phase cycling when compared to the super cycling schemes as reported in our 

experimental analyses of proton-based RFDR under ultrafast-MAS conditions [40].

References

1. Mehring, M. High resolution NMR spectroscopy in solids. Berlin: Springer-Verlag; 1976. 

2. Ramamoorthy, A., editor. NMR spectroscopy of biological solids. CRC Press; 2010. 

3. Schmidt-Rohr, K.; Spiess, HW. Multidimensional solid-state NMR and polymers. Academic Press; 
1994. 

4. McDermott, AE.; Polenova, T. Solid State NMR Studies of Biopolymers. John Wiley & Sons; 2012. 

5. Chevelkov V, van Rossum BJ, Castellani F, Rehbein K, Diehl A, Hohwy M, Steuernagel S, Engelke 
F, Oschkinat H, Reif B. 1H Detection in MAS Solid-State NMR Spectroscopy of 
Biomacromolecules Employing Pulsed Field Gradients for Residual Solvent Suppression. J. Am. 
Chem. Soc. 2003; 125:7788–7789. [PubMed: 12822982] 

6. Knight MJ, Pell AJ, Bertini I, Felli IC, Gonnelli L, Pierattelli R, Herrmann T, Emsley L, Pintacuda 
G. Structure and backbone dynamics of a microcrystalline metalloprotein by solid-state NMR. Proc. 
Natl. Acad. Sci. USA. 2012; 109:11095–11100. [PubMed: 22723345] 

7. Marchetti A, Jehle S, Felletti M, Knight MJ, Wang Y, Xu Z-Q, Park AY, Otting G, Lesage A, 
Emsley L, Dixon NE, Pintacuda G. Backbone Assignment of Fully Protonated Solid Proteins by 1H 
Detection and Ultrafast Magic-Angle-Spinning NMR Spectroscopy. Angew. Chem. 2012; 
124:10914–10917.

8. Ye YQ, Malon M, Martineau C, Taulelle F, Nishiyama Y. Rapid measurement of multidimensional 
1H solid-state NMR Spectra at ultra-fast MAS frequencies. J. Magn. Reson. 2014; 239:75–80. 
[PubMed: 24424008] 

9. Chevelkov V, Rehbein K, Diehl A, Reif B. Ultrahigh Resolution in Proton Solid-State NMR 
Spectroscopy at High Levels of Deuteration. Angew. Chem. Int. Ed. 2006; 45:3878–3881.

10. Linser R, Dasari M, Hiller M, Higman V, Fink U, Lopez del Amo J-M, Markovic S, Handel L, 
Kessler B, Schmieder P, Oesterhelt D, Oschkinat H, Reif B. Proton-Detected Solid-State NMR 
Spectroscopy of Fibrillar and Membrane Proteins. Angew. Chem. Int. Ed. 2011; 50:4508–4512.

11. Linser R, Fink U, Reif B. Proton-detected scalar coupling based assignment strategies in MAS 
solid-state NMR spectroscopy applied to perdeuterated proteins. J. Magn. Reson. 2008; 193:89–
93. [PubMed: 18462963] 

12. Zhou DH, Shah G, Mullen C, Sandoz D, Rienstra CM. Proton-Detected Solid-State NMR 
Spectroscopy of Natural-Abundance Peptide and Protein Pharmaceuticals. Angew. Chem. 2009; 
121:1279–1282.

13. Knight MJ, Felli IC, Pierattelli R, Bertini I, Emsley L, Herrmann T, Pintacuda G. Rapid 
Measurement of Pseudocontact Shifts in Metalloproteins by Proton-Detected Solid-State NMR 
Spectroscopy. J. Am. Chem. Soc. 2012; 134:14730–14733. [PubMed: 22916960] 

14. Zhang R, Damron J, Vosegaard T, Ramamoorthy A. A Cross-Polarization Based Rotating-Frame 
Separated-Local-Field NMR Experiment Under Ultrafast MAS conditions. J. Magn. Reson. 2014 
in press. 

15. Zhou DH, Shea JJ, Nieuwkoop AJ, Franks WT, Wylie BJ, Mullen C, Sandoz D, Rienstra CM. 
Solid-State Protein-Structure Determination with Proton-Detected Triple-Resonance 3D Magic-
Angle-Spinning NMR Spectroscopy. Angew. Chem. Int. Ed. 2007; 46:8380–8383.

16. Zhou DH, Shah G, Cormos M, Mullen C, Sandoz D, Rienstra CM. Proton-Detected Solid-State 
NMR Spectroscopy of Fully Protonated Proteins at 40 kHz Magic-Angle Spinning. J. Am. Chem. 
Soc. 2007; 129:11791–11801. [PubMed: 17725352] 

Zhang et al. Page 15

J Magn Reson. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



17. Barbet-Massin E, Pell AJ, Retel JS, Andreas LB, Jaudzems K, Franks WT, Nieuwkoop AJ, Hiller 
M, Higman V, Guerry P, Bertarello A, Knight MJ, Felletti M, Le Marchand T, Kotelovica S, 
Akopjana I, Tars K, Stoppini M, Bellotti V, Bolognesi M, Ricagno S, Chou JJ, Griffin RG, 
Oschkinat H, Lesage A, Emsley L, Herrmann T, Pintacuda G. Rapid Proton-Detected NMR 
Assignment for Proteins with Fast Magic Angle Spinning. J. Am. Chem. Soc. 2014; 136:12489–
12497. [PubMed: 25102442] 

18. Huber M, Hiller S, Schanda P, Ernst M, Böckmann A, Verel R, Meier BH. A Proton-Detected 4D 
Solid-State NMR Experiment for Protein Structure Determination. Chem Phys Chem. 2011; 
12:915–918. [PubMed: 21442705] 

19. Nishiyama Y, Malon M, Ishii Y, Ramamoorthy A. 3D 15N/15N/1H chemical shift correlation 
experiment utilizing an RFDR-based 1H/1H mixing period at 100 kHz MAS. J. Magn. Reson.
2014; 244:1–5. [PubMed: 24801998] 

20. Mao K, Pruski M. Directly and indirectly detected through-bond heteronuclear correlation solid-
state NMR spectroscopy under fast MAS. J. Magn. Reson. 2009; 201:165–174. [PubMed: 
19833538] 

21. Mao K, Wiench JW, Lin VSY, Pruski M. Indirectly detected through-bond chemical shift 
correlation NMR spectroscopy in solids under fast MAS: Studies of organic-inorganic hybrid 
materials. J. Magn. Reson. 2009; 196:92–95. [PubMed: 18955001] 

22. Althaus SM, Mao K, Stringer JA, Kobayashi T, Pruski M. Indirectly detected heteronuclear 
correlation solid-state NMR spectroscopy of naturally abundant 15N nuclei. Solid State Nucl. 
Magn. Reson. 2013; 57–58:17–21.

23. Nishiyama Y, Frey MH, Mukasa S, Utsumi H. 13C solid-state NMR chromatography by magic 
angle spinning 1H T1 relaxation ordered spectroscopy. J. Magn. Reson. 2010; 202:135–139. 
[PubMed: 19900827] 

24. Kobayashi T, Mao K, Paluch P, Nowak-Król A, Sniechowska J, Nishiyama Y, Gryko DT, 
Potrzebowski MJ, Pruski M. Study of Intermolecular Interactions in the Corrole Matrix by Solid-
State NMR under 100 kHz MAS and Theoretical Calculations. Angew. Chem. 2013; 125:14358–
14361.

25. Zhang R, Ramamoorthy A. Performance of RINEPT is Amplified by Dipolar Couplings under 
Ultrafast MAS conditions. J. Magn. Reson. 2014; 243:85–92. [PubMed: 24792960] 

26. Parthasarathy S, Nishiyama Y, Ishii Y. Sensitivity and Resolution Enhanced Solid-State NMR for 
Paramagnetic Systems and Biomolecules under Very Fast Magic Angle Spinning. Acc. Chem. 
Res. 2013; 46:2127–2135. [PubMed: 23889329] 

27. Zhou D, Nieuwkoop A, Berthold D, Comellas G, Sperling L, Tang M, Shah G, Brea E, Lemkau L, 
Rienstra C. Solid-state NMR analysis of membrane proteins and protein aggregates by proton 
detected spectroscopy. J Biomol NMR. 2012; 54:291–305. [PubMed: 22986689] 

28. Reif B. Ultra-high resolution in MAS solid-state NMR of perdeuterated proteins: Implications for 
structure and dynamics. J. Magn. Reson. 2012; 216:1–12. [PubMed: 22280934] 

29. Asami S, Reif B. Proton-Detected Solid-State NMR Spectroscopy at Aliphatic Sites: Application 
to Crystalline Systems. Acc. Chem. Res. 2013; 46

30. Barbet-Massin E, Pell A, Jaudzems K, Franks WT, Retel J, Kotelovica S, Akopjana I, Tars K, 
Emsley L, Oschkinat H, Lesage A, Pintacuda G. Out-and-back 13C–13C scalar transfers in protein 
resonance assignment by proton-detected solid-state NMR under ultra-fast MAS. J Biomol NMR. 
2013; 56:379–386. [PubMed: 23812971] 

31. Barbet-Massin E, Felletti M, Schneider R, Jehle S, Communie G, Martinez N, Jensen Malene R, 
Ruigrok Rob WH, Emsley L, Lesage A, Blackledge M, Pintacuda G. Insights into the Structure 
and Dynamics of Measles Virus Nucleocapsids by 1H-detected Solid-state NMR. Biophys. J. 
2014; 107:941–946. [PubMed: 25140429] 

32. Tollinger M, Sivertsen AC, Meier BH, Ernst M, Schanda P. Site-Resolved Measurement of 
Microsecond-to-Millisecond Conformational-Exchange Processes in Proteins by Solid-State NMR 
Spectroscopy. J. Am. Chem. Soc. 2012; 134:14800–14807. [PubMed: 22908968] 

33. Schanda P, Huber M, Verel R, Ernst M, Meier BH. Direct Detection of 3hJNC′ Hydrogen-Bond 
Scalar Couplings in Proteins by Solid-State NMR Spectroscopy. Angew. Chem. 2009; 121:9486–
9489.

Zhang et al. Page 16

J Magn Reson. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



34. Barbet-Massin E, Pell AJ, Knight MJ, Webber AL, Felli IC, Pierattelli R, Emsley L, Lesage A, 
Pintacuda G. 13C-Detected Through-Bond Correlation Experiments for Protein Resonance 
Assignment by Ultra-Fast MAS Solid-State NMR. Chem Phys Chem. 2013; 14:3131–3137. 
[PubMed: 23589462] 

35. Bertini I, Emsley L, Lelli M, Luchinat C, Mao J, Pintacuda G. Ultrafast MAS Solid-State NMR 
Permits Extensive 13C and 1H Detection in Paramagnetic Metalloproteins. J. Am. Chem. Soc. 
2010; 132:5558–5559. [PubMed: 20356036] 

36. Nishiyama Y, Fukushima T, Fukuchi M, Fujimura S, Kaji H. Sensitivity boosting in solid-state 
NMR of thin organic semiconductors by a paramagnetic dopant of copper phthalocyanine. Chem. 
Phys. Lett. 2013; 556:195–199.

37. Traer JW, Montoneri E, Samoson A, Past J, Tuherm T, Goward GR. Unraveling the Complex 
Hydrogen Bonding of a Dual-Functionality Proton Conductor Using Ultrafast Magic Angle 
Spinning NMR. Chem. Mater. 2006; 18:4747–4754.

38. Holland GP, Cherry BR, Jenkins JE, Yarger JL. Proton-detected Heteronuclear Single Quantum 
Correlation NMR Spectroscopy in Rigid Solids with Ultra-fast MAS. J. Magn. Reson. 2010; 
202:64–71. [PubMed: 19857977] 

39. Saalwächter K, Lange F, Matyjaszewski K, Huang C-F, Graf R. BaBa-xy16: Robust and 
broadband homonuclear DQ recoupling for applications in rigid and soft solids up to the highest 
MAS frequencies. J. Magn. Reson. 2011; 212:204–215. [PubMed: 21803622] 

40. Nishiyama Y, Zhang R, Ramamoorthy A. Finite-pulse radio frequency driven recoupling with 
phase cycling for 2D 1H/1H correlation at ultrafast MAS frequencies. J. Magn. Reson. 2014; 
243:25–32. [PubMed: 24713171] 

41. Ishii Y. 13C–13C dipolar recoupling under very fast magic angle spinning in solid-state nuclear 
magnetic resonance: Applications to distance measurements, spectral assignments, and high-
throughput secondary-structure determination. J. Chem. Phys. 2001; 114:8473–8483.

42. Bennett AE, Griffin RG, Ok JH, Vega S. Chemical shift correlation spectroscopy in rotating solids: 
Radio frequency-driven dipolar recoupling and longitudinal exchange. J. Chem. Phys. 1992; 
96:8624–8627.

43. Bennett AE, Rienstra CM, Griffiths JM, Zhen W, Lansbury PT, Griffin RG. Homonuclear radio 
frequency-driven recoupling in rotating solids. J. Chem. Phys. 1998; 108:9463–9479.

44. Hu K-N, Qiang W, Bermejo GA, Schwieters CD, Tycko R. Restraints on backbone conformations 
in solid state NMR studies of uniformly labeled proteins from quantitative amide 15N–15N and 
carbonyl 13C–13C dipolar recoupling data. J. Magn. Reson. 2012; 218:115–127. [PubMed: 
22449573] 

45. Leppert J, Heise B, Ohlenschläger O, Görlach M, Ramachandran R. Broadband RFDR with 
adiabatic inversion pulses. J. Biomol. NMR. 2003; 26:13–24. [PubMed: 12766399] 

46. Leppert J, Ohlenschläger O, Görlach M, Ramachandran R. RFDR with Adiabatic Inversion Pulses: 
Application to Internuclear Distance Measurements. J. Biomol. NMR. 2004; 28:229–233. 
[PubMed: 14752256] 

47. Shen M, Hu B, Lafon O, Trébosc J, Chen Q, Amoureux J-P. Broadband finite-pulse radio-
frequency-driven recoupling (fp-RFDR) with (XY8)41 super-cycling for homo-nuclear 
correlations in very high magnetic fields at fast and ultra-fast MAS frequencies. J. Magn. Reson. 
2012; 223:107–119. [PubMed: 22985981] 

48. Levitt MH. Symmetry in the design of NMR multiple-pulse sequences. J. Chem. Phys. 2008; 
128:052205. [PubMed: 18266410] 

49. Brinkmann A, Schmedt auf der Günne J, Levitt MH. Homonuclear Zero-Quantum Recoupling in 
Fast Magic-Angle Spinning Nuclear Magnetic Resonance. J. Magn. Reson. 2002; 156:79–96. 
[PubMed: 12081445] 

50. Edén M, Annersten H, Zazzi Å. Pulse-assisted homonuclear dipolar recoupling of half-integer 
quadrupolar spins in magic-angle spinning NMR. Chem. Phys. Lett. 2005; 410:24–30.

51. Bak M, Rasmussen JT, Nielsen NC. SIMPSON: A General Simulation Program for Solid-State 
NMR Spectroscopy. J. Magn. Reson. 2000; 147:296–330. [PubMed: 11097821] 

Zhang et al. Page 17

J Magn Reson. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



52. Tošner Z, Andersen R, Stevensson B, Edén M, Nielsen NC, Vosegaard T. Computer-intensive 
simulation of solid-state NMR experiments using SIMPSON. J. Magn. Reson. 2014; 246:79–93. 
[PubMed: 25093693] 

53. Haeberlen U, Waugh JS. Coherent Averaging Effects in Magnetic Resonance. Phys. Rev. 1968; 
175:453–467.

54. Waugh JS, Huber LM, Haeberlen U. Approach to High-Resolution NMR in Solids. Phys. Rev. 
Lett. 1968; 20:180.

Zhang et al. Page 18

J Magn Reson. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Efficiencies of XY-based phase cycles for fp-RFDR experiments are 

investigated.

• Effects of higher-order terms and cross terms in fp-RFDR Hamiltonian are 

analyzed.

• XY41
4 is recommended based on its best performance under all conditions.

• RFDR efficiency depends on the scaling factor and homonuclear dipolar 

couplings.

– Higher-order dipolar coupling terms enhance magnetization transfer 

efficiency.
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Figure 1. 
(A) The radio-frequency pulse sequence for the 2D 1H/1H chemical shift correlation 

experiment using the fp-RFDR dipolar recoupling sequence in the mixing period tmix; the 

basic unit of the RFDR sequence is: τ − 180° − τ = one MAS rotor period. The 90° and 180° 

pulses are indicated with the blank and solid rectangles, respectively. The relevant phase 

cycling (ϕi) for the 90° pulses and receiver are given below the pulse sequences. (B) A list 

of phase cycling schemes used for the 180° pulse in fp-RFDR in the present study.
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Figure 2. 
The dependence of the longitudinal magnetization transfer efficiency, from one proton to 

another in a three-proton spin system, on the fp-RFDR mixing time at the indicated spinning 

speeds obtained using various phase cycling schemes: (A) XY4, (B) XY41
2, (C) XY41

3 (D) 

XY41
4 and (E) XY81

4. The radio-frequency field strength used for the 180° pulse was 250 

kHz. In the numerical simulations using SIMPSON, the homonuclear dipolar couplings 

between H1 and H2, H2 and H3, and H1 and H3 nuclei were set to 29.3 kHz. Simulations 

for 10 and 20 kHz MAS and the dependence of magnetization transfer up to 15 ms mixing 

time are included in Figure S2 of the supporting information.
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Figure 3. 
The dependence of the longitudinal proton magnetization build-up rate in a three-proton spin 

system against the duty factor of the fp-RFDR pulse sequence, f=τ180/ τR, at 60 kHz MAS 

for different phase cycling schemes. The buildup rate is defined as the inverse of mixing 

time needed for the transferred magnetization intensity to reach the maximum. In the 

simulations using SIMPSON, a three spin ½ system was considered with 1 kHz (A) and 5 

kHz (B) homonuclear dipolar couplings. The final equilibrated magnetization intensity, 

obtained at a mixing time of 100 ms, as a function of fp-RFDR duty factor for a 

homonuclear dipolar coupling of 1 (C), 10 (D), 20 (E) and 29.3 kHz (F). The duty factor was 

adjusted by changing the RF field strength used for the 180° pulse in the fp-RFDR pulse 

sequence.
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Figure 4. 
Longitudinal magnetization transfer efficiency from H1 to H2 for the three spin ½ system 

under different phase cycles as indicated at a MAS speed of 40 (top row), 60 (middle row), 

and 100 (bottom row) kHz for a homonuclear dipolar coupling of (A) 29.3 kHz, (B) 20 kHz 

and (C) 10 kHz. The radio-frequency field strength used for the 180° pulse was 250 kHz. 

Simulations for 10 and 20 kHz MAS and the dependence of magnetization transfer up to 15 

ms mixing time are included along with simulations for a strongly dipolar coupled spin 

system in Figure S4 of the supporting information.
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Figure 5. 
(A) Simulated magnetization buildup rate as a function of homonuclear dipolar coupling for 

a two spin ½ nuclei under 60 kHz MAS. The duty factor was set as 0.1 and a 300 kHz RF 

field strength was used in simulations. The buildup rate is not possible to calculate when the 

homonuclear dipolar coupling is >10 kHz as the maximum magnetization transfer is attained 

just in one cycle time. (B) Longitudinal magnetization transfer efficiency as a function of fp-

RFDR mixing time for two and three spin ½ systems with a short XY4 phase cycling. 

The 1H-1H dipolar coupling was 29.3 kHz and the RF field strength was set at 500,000 kHz 

in the simulations.
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Figure 6. 
Effect of chemical shift offset on the longitudinal magnetization transfer at a mixing time of 

8 ms fp-RFDR for different phase cyclings as indicated at a magic angle spinning speed of: 

(A) 10 kHz, (B) 20 kHz, (C) 40 kHz, (D) 60 kHz and (E) 100 kHz. A 250 kHz RF strength 

for the 180° pulse and a three spin ½ system as defined in the simulation section were used 

in SIMPSON simulations. The dipolar coupling is 29.3kHz for each proton spin pair.
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Figure 7. 
Magnetization transfer as a function of mixing time with different phase cycles as indicated 

for two spin ½ (A) and three spin ½ (B) systems. The spinning rate is 60 kHz and the dipolar 

coupling is 29.3 kHz for each proton pair. A 3 kHz chemical shift offset was set for the 

observed proton spin.
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Figure 8. 
Variation of peak intensity experimentally measured as a function of fp-RFDR mixing time 

obtained using XY4, XY41
4, and XY81

4 phase cycles at an RF field strength of 118 kHz on 

U-13C-15N L-alanine under 90 kHz MAS. 2D 13C/13C chemical shift correlation 

experiments were carried out using fp-RFDR mixing on a 600 MHz JEOL solid-state NMR 

spectrometer using a 0.75 mm ultrafast MAS probe. Peak intensities were measured from 

the spectral slices extracted at the resonance frequency of 13CH3 group along the indirect 

frequency dimension of 2D 13C/13C spectra: (A) diagonal peak of 13CH3, (B) cross peak 

between 13CH3 and 13CH, and (C) cross peak between 13CH3 and 13COOH. Spectral slices 

are given in the supporting information (Figure S7). Since the trends obtained from spectral 

slices corresponding to 13CH and 13COOH resonances are similar, they are not included.
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Figure 9. 
Effect of chemical shift anisotropy on the longitudinal magnetization transfer by fp-RFDR at 

a mixing time of 100 ms for different phase cyclings as indicated at a magic angle spinning 

speed of 60 kHz. Three 13C spins are used as explained in the main text. A 12 kHz chemical 

shift offset was used for the observed spin.
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Figure 10. 
Effect of RF field inhomogeneity on the longitudinal magnetization transfer at a mixing time 

of 8 ms fp-RFDR for different phase cycles as indicated for a three spin 1/2 system at a 

MAS speed of: (A) 10 kHz, (B) 20 kHz, (C) 40 kHz, (D) 60 kHz and (E) 100 kHz. The 

value on the x-axis indicates the ratio of the applied RF field strength to the accurate RF 

field strength (i.e., 250 kHz). The homonuclear dipolar coupling was set as 29.3 kHz.
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Figure 11. 
Effect of RF field inhomogeneity on the longitudinal magnetization transfer at a 8 ms fp-

RFDR mixing time for two and three spin ½ systems as indicated under 60 kHz MAS with a 

phase cycle of: (A) XY4, (B) XY41
2, (C) XY41

3, (D) XY41
4 and (E) XY81

4. The value on 

the x-axis indicates the ratio of the applied RF field strength to the accurate RF field strength 

(i.e., 250 kHz). The homonuclear dipolar coupling was set as 29.3 kHz.
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