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Abstract

Rotating-frame separated-local-field solid-state NMR experiments measure highly resolved 

heteronuclear dipolar couplings which, in turn, provide valuable interatomic distances for 

structural and dynamic studies of molecules in the solid-state. Though many different rotating-

frame SLF sequences have been put forth, recent gains in ultrafast MAS technology have 

considerably simplified pulse sequence requirements due to the suppression of proton-proton 

dipolar interactions. In this study we revisit a simple two-dimensional 1H-13C dipolar coupling/

chemical shift correlation experiment using 13C detected Cross-Polarization with a Variable 

Contact time (CPVC) and systematically study the conditions for its optimal performance at 60 

kHz MAS. In addition, we demonstrate the feasibility of a proton-detected version of the CPVC 

experiment. The theoretical analysis of the CPVC pulse sequence under different Hartmann-Hahn 

matching conditions confirms that it performs optimally under the ZQ (w1H-w1C=±wr) condition 

for polarization transfer. The limits of the cross polarization process are explored and precisely 

defined as a function of offset and Hartmann-Hahn mismatch via spin dynamics simulation and 

experiments on a powder sample of uniformly 13C-labeled L-isoleucine. Our results show that the 

performance of the CPVC sequence and subsequent determination of 1H-13C dipolar couplings are 

insensitive to 1H/13C frequency offset frequency when high RF fields are used on both RF 

channels. Conversely, the CPVC sequence is quite sensitive to the Hartmann-Hahn mismatch, 

particularly for systems with weak heteronuclear dipolar couplings. We demonstrate the use of the 

CPVC based SLF experiment as a tool to identify different carbon groups, and hope to motivate 

the exploration of more sophisticated 1H detected avenues for ultrafast MAS.
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Introduction

Solid state NMR spectroscopy (ssNMR) has become a powerful tool for obtaining atomic-

level structural and dynamic insight into a variety of challenging molecular systems 

including inorganic materials, membrane proteins, supramolecular assemblies, etc [1-4]. 

Separated-local-field (SLF) experiments serve as one example of the spectroscopy's 

powerfully informative potential as it measures heteronuclear dipolar couplings providing 

inter-nuclear distances along with dynamic order parameters [5-10]. SLF pulse sequences 

reported in the literature are generally classified as either laboratory or rotating-frame 

experiments. Rotating-frame techniques such as PISEMA (polarization inversion spin 

exchange at the magic angle) [8,11,12], HIMSELF/HERSELF (heteronuclear isotropic 

mixing leading to spin exchange via the local field, or heteronuclear rotating frame spin 

exchange via the local field) [13, 14] and their variants have been widely used in structural 

studies on membrane proteins and liquid crystalline materials as they provide highly 

resolved spectral lines in the heteronuclear dipolar coupled dimension.

In solids, the applicability of SLF techniques depends in part on the suppression of 

the 1H-1H dipolar interaction (the major perpetrator to spectral resolution), which is 

typically accomplished by employing any combination of MAS and multiple-pulse 

addendums, such as Lee-Goldberg, to the SLF sequence [3, 8,11-20]. However, with the 

recent developments in probe technology, which have provided commercially available 

MAS probes capable of ∼60 kHz spinning with the fastest achieved at an impressive 110 

kHz [21-31], the dominant 1H-1H anisotropic spin interactions are largely averaged, thereby 

providing the desired spectral resolution and precluding the need for their RF driven 

suppression (beyond simple 1H decoupling during X nuclei detection, which may be 

achieved at significantly lower RF field strengths at ultrafast MAS[32-36]). This enables a 

realm of proton-detected experiments in solids, which additionally provide significant 

improvements in signal to noise as well as shortening experimental times [37,38]. For 

example, in combination with selective deuteration, ultrafast 1H NMR is already playing a 

significant role in the structural study of biomolecules [23,31, 38-52]. These advantages are 

of principal importance to proton based experiments where the requirement of small rotor 

volumes and sample quantity for ultrafast MAS is not a major limitation. This restriction 

does impose some difficulties for samples dilute in the nuclei of interest as is the case for 

experiments on less abundant nuclei. As a point of precautionary advise, we also mention 

that temperature gains can be as high as 30∼40 K for long experimental times due to 

spinning induced frictional heating under ultrafast spinning. This can insert some 

uncertainty in the accuracy of measured parameters such as dipolar coupling constants 

through temperature dependent dynamics along with being potentially hazardous to heat 

sensitive samples. Nevertheless, ultrafast MAS can be used for high throughput 

measurement of heteronuclear dipolar couplings using simple pulse sequences without the 

need for the homonuclear dipolar decoupling.

The use of ultrafast MAS was recently employed to accurately measure heteronuclear 

dipolar couplings with a simple 13C detected cross-polarization (CP) based rotating-frame 

SLF experiment [53]. This 2D ‘cross-polarization with a variable contact time’ (CPVC) SLF 
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experiment simultaneously increments the duration of the spin-lock RF pulses in both 1H 

and 13C RF channels to encode 1H-13C dipolar couplings in the second (or indirect) 

dimension. The aforementioned advantages for these experiments under ultrafast MAS make 

this a simple and elegant approach which is easy to implement. In this study we revisit this 

strategy by first examining the efficiency of the 2D CPVC SLF technique against Hartman-

Hahn mismatch and resonance offset. Additionally, we also demonstrate a new CPVC pulse 

sequence with proton-detection (abbreviated as CPVC-H) under ultrafast MAS and 

demonstrate its unique advantage as a spectral editing tool for poorly resolved 1H spectral 

lines. We hope this serves as an example to excite the community for the design of new 

proton-detected ultrafast techniques in light of the considerable advantages proton-detection 

can offer.

Experiment and Simulation

Materials

Uniformly 13C-labeled L-isoleucine and glycine powder samples were purchased from 

Cambridge Isotope Laboratory (Andover, MA), and a uniformly 13C,15N-L-alanine was 

purchased from Isotec (Champaign, IL). All samples were used as received without any 

further purification.

Solid-State NMR spectroscopy

All NMR experiments were performed on an Agilent VNMRS 600 MHz solid-state NMR 

spectrometer equipped with a 1.2 mm triple-resonance MAS probe operating at 599.8 MHz 

for 1H and 150.8 MHz for 13C. All reported results were obtained at 60 kHz MAS. The 

sequences used for the 2D CPVC experiments are shown in Figure 1. The proton 90° pulse 

length was 1.2 μs for 13C-detected CPVC experiment, and 1.9 μs for the CPVC-H 

experiment. Proton decoupling during 13C signal acquisition was achieved by employing the 

SPINAL-64 sequence [54] at an RF field strength of 45 kHz. The 13C chemical shift was 

externally referenced to adamantane by setting its low-field 13C resonance to 38.5 ppm, 

while the 1H chemical shift was referenced to glycine by setting the carbonyl/amino proton 

signal to 8.5 ppm.

Spin Dynamics Simulations

All numerical simulations were performed at 60 kHz MAS using the SIMPSON software 

[55,56]. For the 13C-detected CPVC sequence, an isolated 1H-13C spin pair with strong 

(22.3 kHz) and weak (5.0 kHz) heteronuclear dipolar couplings was used in the simulation. 

The 1H-13C dipolar splitting was obtained by directly measuring the frequency difference 

between the two singularities in the dipolar coupling lineshapes. For the CPVC-H sequence, 

we used the spin ½ nuclei in an isolated CH2 group with its geometry in glycine; 

the 1H-13C-1H angle was 109.5°. The 1H-1H and 1H-13C dipolar couplings were set at 21.0 

and 22.5 kHz, respectively.
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Theoretical analysis

For simplicity, we assume an isolated 13C-1H pair was for our theoretical treatment. 

Assuming complete averaging of the 1H-1H dipolar coupling by ultrafast MAS, the rotating-

frame Hamiltonian describing the cross polarization process under MAS is given by [57]

(1)

where w1I and w1S are the radio-frequency fields used for spin-lock on the I and S spin 

channels, respectively, and ΔwI and ΔwS are the resonance offset frequencies for I and S 

nuclei, respectively. The heteronuclear IS dipolar coupling constant b(t) in equation (1) is 

defined as

(2)

where r is the internuclear distance, θ is the angle between the internuclear vector and the 

external magnetic field, and γI and γS are the gyromagnetic ratios of I and S nuclei 

respectively.

By defining the effective field angles as , , the Hamiltonian in the 

doubly tilted frame can be written as [57]

(3)

Assuming a small offset frequency, that is w1I ≫ |ΔwI|, w1S ≫ |ΔwS|, cosθI = cosθS ≈ 0; 

therefore, the effective Hamiltonian can be approximated as

(4)

with

(5)

and

(6)

According to the Hartmann-Hahn matching condition, polarization transfer occurs when weS 

+ εweI ≈ nwR (ε = ±1, n=0,±1, ±2). This condition is referred to as zero-quantum (ZQ) CP 

when ε = −1 and double-quantum (DQ) CP whens ε = +1. The transferred CP signal at a 

contact time τ is given as [58]
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(7)

with Δνn = w1S + w1I − nwR.

For different matching conditions (as defined by n = 0, ±1, ±2), the term bn can be written as 

follows:

(8a)

(8b)

(8c)

where β is the angle between the internuclear vector and the MAS rotor axis.

It is worth noting that the n=0 matching condition corresponds to the static case in the 

theoretical treatment presented above. Under fast MAS the n=0 Hartmann-Hahn matching 

condition, i.e. second-order CP (SOCP), can also lead to heteronuclear polarization by the 

second-order cross terms between homonuclear and heteronuclear dipolar couplings or the 

isotropic scalar (or J) couplings where the latter is often neglected in solids due to its 

relatively small magnitude [59, 60]. It should be mentioned that at least two I spins are 

necessary for this type of CP-based magnetization transfer. In an I2S spin system, the 

second-order cross-term between homonuclear and heteronuclear dipolar couplings can be 

described as:

(9)

where wS1 and wS2 are dependent on the homonuclear and heteronuclear dipolar couplings 

as well as the spinning rate of the sample and RF field strength [59, 60]. As such, the n=0 

Hartmann-Hahn matching condition is not suitable for polarization transfer in this CPVC 

experiment, as the heteronuclear dipolar interaction during cross-polarization is also affected 

by the homonuclear dipolar interaction.

This theoretical approach applies to both the 13C-detected and 1H-detected CPVC 

experiments, as both I and S spins have identical roles during the spin-lock period. However, 

an important distinction arises between the two pulse sequences as we have neglected the 

homonuclear dipolar interaction in the beginning of the calculation [57]. Therefore, it is 

expected that the zero-frequency peak in the spectra obtained from the CPVC-H experiment 

will be much larger than that obtained using the 13C-detected CPVC experiment as 1H-1H 

dipolar couplings are much larger than 13C-13C dipolar couplings. To circumvent this 
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problem, we have developed a procedure for eliminating the zero-frequency peak in the 

heteronuclear dipolar coupling dimension of a 2D CPVC spectrum as discussed below.

Numerically simulated heteronuclear dipolar coupling spectra obtained from the CPVC 

method for different Hartman-Hahn matching conditions on an isolated 13C-1H spin pair are 

shown in Figure 2. A well-defined lineshape for the C-H dipolar splitting can be obtained 

via DQ or ZQ CP, while the dipolar splitting is completely absent under SOCP as predicted 

earlier. It is important to note that the DQ-CP condition requires a relatively small RF field 

making the associated 13C-1H dipolar coupling lineshape quite sensitive to 13C resonance 

offset. As such, the higher RF field used in the ZQ-CP makes it a better choice for the 

measurement of heteronuclear dipolar couplings in the CPVC experiment.

Treatment for eliminating the zero-frequency peak

As seen in Figure 2, a large negative zero-frequency peak exists in the I-S dipolar coupling 

spectra of ZQ or DQ CP, which can hinder the interpretation of experimental data. In 

practice, a special algorithm or processing method has to be applied in order to suppress the 

zero-frequency peak (also known as the axial peak) to obtain interpretable 2D SLF spectra. 

For the CPVC experiments performed on the Agilent VNMRS 600 MHz solid-state NMR 

spectrometer, we applied the “solvent subtraction” utility to suppress the zero-frequency 

peak in the I-S dipolar coupling dimension of the 2D spectrum. In Figure 3 we illustrate the 

axial peak suppression strategy for numerical simulations. First we apply a DC offset to the 

time-domain dipolar coupling oscillations in Figure 3(A and B). This curve is subsequently 

apodized as shown in Figure 3C followed by Fourier transformation. The Fourier 

Transformation in Figure 3 demonstrates the use of this procedure in producing the final 

clear lineshape as shown in the bottom right of Figure 3.

Results and Discussion

The great advantage of the CPVC experimental approach over previous SLF experiments is 

the suppression of 1H-1H dipolar interactions by ultrafast MAS—not RF driven schemes--

which considerably simplifies experimental setup in comparison to such sequences that 

employ, for instance, Lee-Goldberg or other homonuclear decoupling multiple pulses. The 

parameters for the CPVC experiment that must be carefully optimized for accurate results 

are the RF offset and Hartmann-Hahn matching. Herein, we systematically discuss these two 

experimental factors and their corresponding influence on the dipolar splittings observed in 

the heteronuclear dipolar coupling dimension of the 2D CPVC SLF spectrum. As both the 

CPVC and CPVC-H pulse sequences are exactly the same outside of the acquisition period, 

we limit this discussion to results from the carbon detected version.

Resonance offset effects on CPVC performance

In rotating-frame SLF experiments like PISEMA [8, 9], dipolar splittings are quite sensitive 

to the 1H frequency offset which can potentially distort the accuracy of the extracted 

interatomic distances. This limitation is not an issue in the CPVC experiment due to the high 

proton RF field strength used during CP. Applied proton RF fields can be as high as 200 

kHz for ultrafast MAS probes due to the utilization of micro RF coils, while the frequency 
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offsets are generally less than 5 kHz from the center of the proton spectrum on a 600 MHz 

NMR spectrometer. With these numbers in mind Eq. 5, 

, shows that the frequency offset has a small 

influence on the effective RF field strength. Thus, the proton resonance offset is of little 

concern to the effective RF field on the proton channel. The wider chemical shift range 

for 13C nuclei (200 ppm corresponds to ∼30 kHz at 600 MHz) comprises a greater fraction 

of the applied RF field making it a legitimate concern, and necessitating the need for 

high 13C RF field amplitudes for uniform excitation over the entire 13C chemical shift range. 

Using high RF amplitudes can, however, result in RF induced heating which is undesirable 

for heat-sensitive samples. The balance of these restrictions for such samples makes it 

crucial to know the effect of 13C resonance offset on the efficiency of the CPVC SLF 

sequence.

As shown in Figure 4A and 4C under high RF irradiation (160 kHz and 220 kHz for 1H 

and 13C, respectively) the resonance offset has limited effect on the dipolar splitting;. the 

resonance offset only begins to have an influence when the offset frequency is greater than 

15 kHz, which is generally the maximum resonance offset when the 13C carrier frequency is 

placed at the center of the spectrum. Therefore, as with the 1H channel, we can then safely 

neglect resonance offset effects at high RF fields. Outside of 15 kHz, we found that the 

dipolar splitting is more sensitive to the offset for a weakly 1H-13C dipolar coupled spin 

system (Figure 4C) than for a strongly dipolar coupled spin system (Figure 4A). For a 

resonance offset of 30 kHz, the 1H-13C dipolar splitting changes by <1 kHz for the strongly 

dipolar coupled spin system, while it deviates by nearly a factor of two for the weakly 

dipolar coupled spin system. Naturally, a high RF field strength is preferred to reduce any 

resonance offset effects for an accurate determination of heteronuclear dipolar couplings. To 

explore the effect of lower RF field strengths, we investigated the 1H-13C dipolar splitting as 

a function of 13C RF field strength in Figure 4B and 4D. This was done for the same weak 

and strongly dipolar coupled 1H-13C pin pair by assuming an offset of 15 kHz then 

simultaneously varying the 1H and 13C fields to maintain the match condition. The results 

clearly show that the dipolar splitting value begins to obviously deviate from the actual 

value when the 13C RF field amplitude is below 140 kHz. These simulated results are 

experimentally demonstrated in Figure 5 on a uniformly 13C-labeled isoleucine powder 

sample. For clarity, we only report the dipolar splitting spectral slice observed for the CHα 

group (Figure B-E). The RF carrier frequency was set at on-resonance and 10 kHz off-

resonance (below) from the CHα resonance frequency. As shown in Figure 5B and 5D, 

when a relatively high RF field (210 kHz) was used for 13C, the resonance offset had no 

influence on the measured dipolar coupling value but did distort the observed lineshape. 

Even for an RF field as low in strength as ∼130 kHz, the observed offset (10 kHz) effect on 

the dipolar splitting is negligible but again results in a distorted lineshape. A 13C-1H dipolar 

splitting value of ∼16.5 kHz is measured corresponding to a dipolar coupling of 23.2 kHz 

after taking into account the scaling factor of 0.71. Our efforts to compensate the offset 

dependence by using a ramped spin-lock pulse severely distorted the observed dipolar 

coupling lineshape shown in Figure 5E.
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Hartmann-Hahn mismatch effects on CPVC performance

The Hartmann-Hahn matching condition has a strong influence on signal sensitivity as well 

as the dipolar coupling scaling factor making it an important parameter for the performance 

of the 2D CPVC SLF experiment. As shown in Eq.(8), the heteronuclear dipolar coupling 

scaling factor is approximately 0.71 for the ZQ(DQ)-1 CP (|w1H ± w1C|=60 kHz) and 0.5 for 

the ZQ(DQ)-2 (|w1H±w1C|=120 kHz) CP. As discussed above, the 13C RF amplitude during 

CP should be ∼140 kHz or larger to minimize any resonance offset effect. This requirement 

far exceeds the frequency condition for DQ-CP indicating that DQ-CP efficiency would be 

greatly affected by the offset frequency. As ZQ-2-CP (|w1H-w1C|=2wr kHz) has a smaller 

dipolar coupling scaling factor than the ZQ-1-CP (|w1H-w1C|=wr kHz), we prefer ZQ-1-CP 

and restrict our discussion to it. The simulated effect of the Hartmann-Hahn mismatch on the 

dipolar splitting is shown in Figure 6. It is clear, particularly for the weak 1H-13C dipolar 

coupled system, that the dipolar splitting is quite sensitive to the Hartmann-Hahn match 

conditions. We compared the constant amplitude versus ramped-CP, and found that due to 

the high sensitivity to Hartmann-Hahn mismatch the constant-amplitude CP irradiation is 

preferable over the ramped-CP. While ramped-CP is often used to enhance polarization 

transfer, as it can restore a flat Hartmann-Hahn matching profile and overcome the effects of 

RF inhomogeneity and resonance frequency offset [61] its use here under ultrafast MAS—as 

shown in Figure 5D-- proved less effective. If employed, only a very small ramp ratio is 

suitable, as otherwise it will result in inaccurate dipolar splittings. The distorted result in 

Figure 5D, for instance, was obtained using the modest ramp ratio (defined as (whighest-

wlowest)/(whighest+wlowest)) of 15%.

We mention as a practical note that the instabilities of RF power amplifier and mechanical 

spinning-induced heating in the probe-head can alter the RF power for the spin-locks, and 

therefore the Hartman-Hahn match, in the CPVC experiments [62]. To avoid these 

problems, we re-calibrated and optimized the RF power levels right before the start of each 

experiment. Nevertheless it was found that the RF power levels can fluctuate on the 

experimental time (about 30 min). This raises a non-trivial point to the importance and 

challenge of temperature control under ultrafast MAS.

In summary, the weak heteronuclear dipolar coupled spin system is more sensitive to 

the 13C resonance offset as well as the Hartmann-Hahn matching conditions than the 

strongly dipolar coupled spin system. The sensitivity of the observed dipolar splitting values 

to the 13C resonance offset can be generally overcome by applying high RF fields. Care 

should be taken when calibrating the Hartmann-Hahn match as the performance of the 

CPVC sequence is quite sensitive to any mismatch. We recommend a constant amplitude CP 

as the best choice for an efficient polarization transfer in the CPVC experiment.

Proton-detected CPVC experiments

With the development of ultrafast MAS probe technology and the corresponding gains in 

spectral resolution, proton-detection is gaining more popularity within the solid-state NMR 

community, as it can improve the signal-to-noise of spectra as well as reduce the 

measurement time compared to low-γ nuclei detection [37]. Here, we propose a proton-

detected CPVC pulse sequence (called CPVC-H) shown in Figure 1B, and present an 
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experimental demonstration on U-13C-glycine in Figure 7. The 1D 1H spectrum under 60 

kHz MAS is shown at the top of Figure 7A, where three peaks are partially resolved. Their 

corresponding dipolar splitting spectra are shown in Figure 7B. The peak around 8.5 ppm 

comprises of overlapping contributions from COOH and NH2 groups. Since the NH2 

protons are not bonded to a carbon, in the second dimension of the CPVC-H experiment, we 

do not expect to see any contribution from the NH2 protons. As a result, in the heteronuclear 

dipolar coupling dimension of the 2D CPVC-H spectrum of glycine shown in Figure 7, we 

observe a small 1H-13C dipolar splitting of 2.4 kHz arising only from COOH protons, which 

corresponds to a 1H-13C dipolar coupling of around 3.4 kHz after taking the scaling factor 

(∼0.71) into consideration. The peaks at 4.4 and 2.4 ppm correspond to the protons of the 

CH2 group. We measured a dipolar splitting value of 16.2 kHz, corrected to 22.8 kHz after 

taking the scaling factor into account, which is in good agreement with previously published 

results [63,64]. The center peak in the dipolar splitting spectra of the CH2 group may result 

from the slight overlap of the proton signals from COOH and CH2 groups. The CPVC-H 

method is quite similar to the CPVC experiment proposed by Amoureux et al. [53]. 

Therefore, the dipolar coupling constants (and thus the bond length) measured by CPVC-H 

should have similar accuracies as obtained with CPVC, which, as reported by the Amoureux 

group, are in good agreement with X-ray diffraction analysis [53]. In Figure 7C, we 

demonstrate how the proton-detected CPVC experiment can be utilized to differentiate 

chemical groups with different 1H-13C dipolar couplings from 1D slices extracted from the 

dipolar dimension.

Another experimental demonstration of the 2D CPVC-H method on a powder sample of 

U-13C,15N-L-alanine is shown in Figure 8, where obvious differences in the dipolar 

coupling spectra for the CH3, CH and COOH groups can be observed. The rapid rotation of 

the CH3 group averages the dipolar splitting to a relatively small value, 5.4 kHz, 

corresponding to a heteronuclear 1H-13C coupling of 7.6 kHz after the scaling factor. In 

contrast, the CH group is quite rigid and exhibits a dipolar splitting of 15.5 kHz, 

corresponding to a heteronuclear 1H-13C dipolar coupling of 21.8 kHz. This demonstrates 

nicely the use of the CPVC-H experiment for the dynamic studies of molecules. The 

measured 1H-13C dipolar coupling value is very small for the COOH group, as the proton is 

not directly bonded to 13C. The wiggle in the dipolar splitting lineshape of the COOH group 

is an experimental artifact, which could be suppressed by increasing the number of t1 

experiments. Both sets of experimental results show how the proposed CPVC-H experiment 

is an efficient method for the measurement of heteronuclear dipolar couplings under 

ultrafast MAS conditions. Interestingly, a comparison of 1H detected and 13C detected 

experiments on U-13C,15N-alanine show a significant enhancement in sensitivity due to 

proton detection: 5.6, 4, and 6.2 for CH3, CH and COOH groups.

Conclusion

In this study, we have investigated and reported the limiting factors of a simple and robust 

2D CPVC SLF pulse sequence under ultrafast MAS via numerical simulations and 

experiments on a uniformly-13C-labeled isoleucine powder sample. The effects of 13C 

resonance offset frequency and Hartmann-Hahn mismatch were systematically analyzed for 

strongly and weakly heteronuclear dipolar coupled systems. A high RF field (>∼140 kHz) 
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on the 13C channel is essential in overcoming the offset effects of the large spectral width of 

the 13C chemical shift. Our results suggest that a constant-amplitude CP is far better than a 

ramp-CP for heteronuclear polarization transfer in the CPVC experiment. In addition, we 

have also demonstrated a proton-detected CPVC SLF experiment on U-13C-glycine and 

U-13C-15N-L-alanine, and shown its utility as a quick and simple method for the 

measurement of heteronuclear dipolar couplings. We hope the proton-detected SLF 

experiment serves as an example of the advantages of proton detected ultrafast experiments, 

and excites the community for the design of additional experiments of its kind.
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Highlights

• A 1H-evolved, 1H-detected rotating-frame SLF is demonstrated under ultrafast 

MAS.

• CP-based SLF sequence is quite sensitive to Hartmann-Hahn mismatch.

• CP-based SLF sequence is insensitive to offset when high RF fields are used.

• A constant-amplitude-CP SLF renders a better performance than a ramped-CP 

SLF.

• 1H-detection greatly enhances the sensitivity of CP-based rotating-frame SLF.
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Figure 1. 
Schematics of radio-frequency pulse sequences used in this study for 13C-detected (A) 

and 1H-detected (B) cross-polarization with a variable contact time (CPVC) 2D SLF 

experiment. The t1 incrementation was achieved by simultaneously increasing the spin-lock 

durations in the cross-polarization sequence. SPINAL-64 was used to decouple protons 

during signal acquisition for the 13C-detected CPVC experiment. The following phase 

cyclings were used in the experiment: ϕ1=0,2,0,2; ϕ2=1,1,1,1; ϕ3=0,0,1,1; ϕCrec=0,2,1,3; 

ϕHrec=0,2,0,2.
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Figure 2. 
Simulated time dependence of I-S dipolar coupling (A) and dipolar splitting spectra (B) for 

ZQ CP with w1H=160 kHz and w1C=220kHz, DQ CP with w1H=20kHz and w1C=40 kHz, 

and SOCP with w1H= w1C=40 kHz. Results show superior performances of DQ and ZQ CP 

sequences and the inefficiency of SOCP sequence. ZQCP is recommended due to other 

advantages as mentioned in the main text.
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Figure 3. 
A simple data processing procedure to surpress axial peaks in 2D CPVC SLF spectra. Time-

domain signals (left) and corresponding Fourier-transformed frequency spectra (right). (A) 

An oscillating buildup curve from CPVC before (A) and after compensation for the DC 

offset without (B) and with (C) apodization.
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Figure 4. 
Simulated dipolar splitting as a function of (A and C) 13C resonance offset and (B and 

D) 13C RF field amplitude during the cross-polarization process for an isolated 13C-1H spin 

pair with a heteronuclear coupling of 22.3 kHz (A and B) or 5 kHz (C and D). For (A, C), 

the RF field amplitudes used were 160 kHz and 220 kHz on the proton and carbon channels, 

respectively. For (B,D), the 13C frequency offset was set at 15 kHz and the 1H field 

amplitude was varied with the 13C field amplitude so that w1H-w1C=60 kHz when w1C 160 

kHz and w1C-w1H=60 kHz when w1C 160 kHz.
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Figure 5. 
(A) 13C-detected 2D CPVC SLF spectrum of a uniformly-13C-labelled isoleucine powder 

sample obtained at 60 kHz MAS. 1H-13C dipolar splitting spectra for the CHα group 

extracted from 2D CPVC SLF spectra obtained under various conditions: with the 13C 

carrier frequency set at the 13Cc resonance position (B) and 10 kHz offset below 

the 13Cαresonance frequency (C, D, E). For (B, C, D), constant amplitude spin-locks were 

used for Hartmann-Hahn CP, while for (E) a ramped-CP was used with a 15% ramp size on 

the 13C spin-lock. For the ramped-CP, the ramp ratio is defined as (whighest-wlowest)/

(whighest+wlowest).
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Figure 6. 
Simulated dipolar splitting as a function of Hartman-Hahn mismatch 1H RF amplitude 

during the CP process for an isolated 13C-1H spin pair with strong or weak heteronuclear 

dipolar couplings. During cross polarization, the 13C RF amplitude was set at 220 kHz, 

while it is 160 kHz on the 1H channel when the mismatch was zero.
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Figure 7. 
(A) The 1H-detected 2D CPVC SLF spectrum of U-13C-glycine powder sample with the 1H 

chemical spectrum shown at the top. (B) 1H-13C dipolar splitting spectral slices extracted 

along the F1 dimension at different 1H chemical shifts corresponding to the black dashed 

lines in (A). Simulated spectra are shown in red and experimental in black. The line 

broadening used for the simulation of the dipolar splitting spectra of COOH and CH2 groups 

are 500 and 1500 Hz, respectively. (C) 1H spectral slices extracted along points in the 

dipolar coupling dimension which correspond to the blue (dot-dash) lines of the 2D 

spectrum in (A).
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Figure 8. 
(A) The 1H-detected 2D CPVC SLF spectrum of a powder sample of U-13C-15N-L-alanine 

with the 1H spectrum shown at the top. (B) 1H-13C dipolar splitting spectral slices extracted 

along the dipolar coupling dimension at different 1H chemical shift values. Simulated (red) 

and experimental (black) spectra are compared. The line broadening factors used in the 

simulation of the dipolar splitting spectra of CH3, CH, and COOH groups are 900, 300 and 

1000 Hz, respectively. 32 t1 increments were used for encoding heteronuclear dipolar 

couplings.
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