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1) Theoretical explanation for STiC phase shifts 

1.1 Time dependence of first-order average Hamiltonians 

The first-order average Hamiltonian of a spin interaction Λ with quantum numbers {𝑙, 𝑚, 𝜆, 𝜇} can be 

written as 

 ℋ̅𝑙𝑚𝜆𝜇
Λ = 𝜅𝑙𝑚𝜆𝜇[𝐴𝑙𝑚

Λ ]
𝑅

exp{−𝑖𝑚(𝛼𝑅𝐿
0 − 𝜔𝑟𝑡0)} 𝑇𝜆𝜇

Λ  , (1) 

where 𝜅𝑙𝑚𝜆𝜇 is the scaling factor, [𝐴𝑙𝑚
Λ ]

𝑅
  represents the spatial tensor, expressed in the rotor-fixed 

frame, and 𝑇𝜆𝜇
Λ  represents the spin tensor, expressed in the laboratory frame. The complex phase 

factor depends on the Euler angle 𝛼𝑅𝐿
0 , which describes the orientation of the rotor at 𝑡 = 0 (with 

respect to the laboratory frame), on the angular spinning frequency 𝜔𝑟, and on the time point 𝑡0 at 

which the recoupling sequence is started. 

As it can be seen in equation (1), the phase of the average Hamiltonian varies due to sample rotation 

and therefore depends on the time point 𝑡0. In addition, its phase also depends on the overall phase 

𝜙 of the radiofrequency pulses of the recoupling sequence applied. These dependences can be 

expressed as 

 ℋ̅𝑙𝑚𝜆𝜇
Λ (𝑡0, 𝜙) = ℋ̅𝑙𝑚𝜆𝜇

Λ (0,0) exp{−𝑖(𝜇𝜙 − 𝑚𝜔𝑟𝑡0)}. (2) 

From this equation, it follows that the dependence of ℋ̅𝑙𝑚𝜆𝜇
Λ  on 𝑡0 can be removed by applying an 

overall phase shift 𝜙 to the recoupling pulse sequence (if 𝜇 ≠ 0), as given by the phase-time-

relationship1,2 

 𝜙 =
𝑚

𝜇
𝜔𝑟𝑡0. (3) 

Solid-state NMR pulse sequences are designed to reintroduce/allow certain spin interactions 

(ℋ̅𝑙𝑚𝜆𝜇
Λ ≠ 0) while canceling out others (ℋ̅𝑙𝑚𝜆𝜇

Λ = 0). In general, the first-order average Hamiltonian 

of a given sequence is the sum of several allowed (non-zero) terms. Equation (3) can therefore only be 

applied if all of these terms possess the same ratio 𝑚/𝜇. This is for instance the case with γ-encoded 

double-quantum (DQ) recoupling sequences, where {𝑙, 𝑚, 𝜆, 𝜇} = {2, 𝑚, 2, ±2} and each spin term 𝜇 

is only associated with one spatial term 𝑚.3 For such sequences, the dependence on 𝑡0 can be entirely 

removed by appropriate phase shifts. 

1.2 2D DQ-SQ correlation spectra with γ-encoded recoupling sequences 

One of the most prominent applications of the relationship in equation (3) are 2D DQ-SQ homonuclear 

correlation experiments as exemplified in the pulse sequence in Fig. 1. The same Hamiltonian should 

ideally be created during DQ excitation and reconversion, in order to avoid MAS-induced modulation 

of signals in the indirect dimension: 

 ℋ̅𝑒𝑥𝑐 = ℋ̅𝑟𝑒𝑐 (4) 

and hence 

 ∑ ℋ̅𝑙𝑚𝜆𝜇
Λ (𝑡𝑒𝑥𝑐

0 , 𝜙𝑒𝑥𝑐)𝑙𝑚𝜆𝜇 = ∑ ℋ̅𝑙𝑚𝜆𝜇
Λ (𝑡𝑟𝑒𝑐

0 , 𝜙𝑟𝑒𝑐)𝑙𝑚𝜆𝜇 ,  (5) 

where 𝑡𝑟𝑒𝑐
0 = 𝑡𝑒𝑥𝑐

0 + 𝑡1. From equation (2), it is clear that this condition is fulfilled as long as the 𝑡1 

evolution is rotor-synchronized and 𝜙𝑟𝑒𝑐 is only shifted by integer multiples of 180° with respect to 

𝜙𝑒𝑥𝑐 (𝜇 = ±2 in DQ recoupling). 
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If the 𝑡1-evolution is not rotor-synchronized, equation (5) can still be fulfilled for γ-encoded recoupling 

sequences by shifting the phase of the DQ reconversion pulses according to equation (3): 

 𝜙𝑟𝑒𝑐 = 𝜙𝑒𝑥𝑐 +
𝑚

𝜇
𝜔𝑟(𝑡𝑒𝑥𝑐

0 + 𝑡1), (6) 

As explained above, this is only possible for γ-encoded recoupling sequences, because only these 

sequences have the same 𝑚/𝜇 ratio in all allowed terms. As shown in this communication and 

explained below, this concept can also be applied to recoupling sequences which are supercycles of γ-

encoded sequences. In these cases, DQ-SQ correlation spectra can be recorded without restrictions 

regarding the length of the 𝑡1-increments, and arbitrary spectral widths can be achieved in the DQ 

dimension. However, if this is not the case, DQ-SQ experiments are restricted to rotor-synchronized 

𝑡1-evolution. 

1.3 2D DQ-SQ correlation spectra with supercycles of γ-encoded recoupling sequences 

This communication treats the case of non-γ-encoded recoupling sequences which are created by 

supercycling of a γ-encoded recoupling sequence. In the paper, this is exemplified on the SR26 

sequence, which will again be detailed below (see 1.4). In the general case of the combination of two 

γ-encoded sequences A and B to a non-γ-encoded recoupling sequence AB, the effective Hamiltonian 

can be approximated as 

 ℋ̅ 𝐴𝐵 =
1

2
(ℋ̅ 𝐴 + ℋ̅𝐵). (7) 

The average Hamiltonians of A and B are each a sum of their non-zero ℋ̅𝑙𝑚𝜆𝜇
Λ  terms, with the 

dependence on 𝑡0 and 𝜙 as given in equation (2): 

 ℋ̅ 𝐴𝐵(𝑡0, 𝜙𝐴, 𝜙𝐵 ) = 

1

2
(∑ ℋ̅𝑙𝑚𝜆𝜇

Λ,𝐴 (0,0) exp{−𝑖(𝜇𝜙𝐴 − 𝑚𝜔𝑟𝑡0)}𝑙𝑚𝜆𝜇 + ∑ ℋ̅𝑙𝑚𝜆𝜇
Λ,𝐵

𝑙𝑚𝜆𝜇 (0,0) exp{−𝑖(𝜇𝜙𝐵 − 𝑚𝜔𝑟𝑡0)}). (8) 

The same 𝑡0 can be used for all terms, because sequences A and B are rotor-synchronized and 

therefore span an integer multiple of rotor periods. However, 𝜙𝐴 and 𝜙𝐵 can be different, because 

the two sequences are applied one after the other, i.e. not at the same point in time. For this reason, 

and because both sequences are γ-encoded (as defined above), ℋ̅ 𝐴 and ℋ̅𝐵 can both be made 

independent of 𝑡0 by applying overall phase shifts 𝜙𝐴 and 𝜙𝐵 to the respective sequence blocks 

according to the phase-time relationship in equation (3). In consequence, ℋ̅ 𝐴𝐵 will be independent of 

𝑡0, too. 

For the case of a 2D DQ-SQ correlation spectrum recorded with non-rotor-synchronized 𝑡1 evolution, 

the phases of the DQ reconversion pulses therefore have to be shifted sequence-specifically in order 

to avoid MAS-induced signal modulations in the indirect dimension. These Supercycle-Timing-

Compensation (STiC) phase shifts have to be 

 Δ𝜙𝐴 = 𝜙𝑟𝑒𝑐
𝐴 − 𝜙𝑒𝑥𝑐

𝐴 =
𝑚𝐴

𝜇𝐴
𝜔𝑟(𝑡𝑒𝑥𝑐

0 + 𝑡1) (9) 

 Δ𝜙𝐵 = 𝜙𝑟𝑒𝑐
𝐵 − 𝜙𝑒𝑥𝑐

𝐵 =
𝑚𝐵

𝜇𝐵
𝜔𝑟(𝑡𝑒𝑥𝑐

0 + 𝑡1). (10) 

1.4 Example: Application to the SR26 sequence 

SR264,5 is a symmetry-based,2 supercycled DQ excitation sequence. It is based on the R264
11 sequence 

and uses the basic element [900270180], with rf pulses and their phases (subscript) denoted in 
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degrees. Four cycles are executed overall, namely the basic cycle 𝑆0, a π-shifted cycle in which all rf 

phases are shifted by 180° (𝑆𝜋), a phase-inverted cycle in which the signs of all rf phases are inverted 

(𝑆0
′ ≡ 𝑅264

−11), and a π-shifted phase-inverted cycle which combines both operations (𝑆𝜋
′ ). The full 

SR26 sequence has the form 𝑆0𝑆0
′ 𝑆𝜋

′ 𝑆𝜋 and can be written explicitly as: 

[9076.15270256.1590283.85270103.85]13[90283.85270103.859076.15270256.15]13 

  [90103.85270283.8590256.1527076.15]13[90256.1527076.1590103.85270283.85]13, (11) 

where each block is repeated 13 times, as indicated by the superscript. The full SR26 cycle spans 16 

rotor periods and requires rf irradiation at an rf field strength that corresponds to 6.5 times the MAS 

frequency. The construction principle of SR26 is also summarized in Fig. 1. 

First-order selection rule analysis2,6 shows that the R264
11 sequence (𝑆0 and 𝑆𝜋) only allows dipole-

dipole coupling terms with the quantum numbers {𝑙, 𝑚, 𝜆, 𝜇} = {2, ±1,2, ∓2}. The related 𝑅264
−11 

sequence (𝑆0
′  and 𝑆𝜋

′ ) allows dipole-dipole terms with {𝑙, 𝑚, 𝜆, 𝜇} = {2, ±1,2, ±2}. Each separate cycle 

hence creates a pure DQ average Hamiltonian to first order (ignoring the homonuclear J-coupling) and 

is γ-encoded. However, the ratio 𝑚/𝜇  is not identical for all cycles, and hence the full SR26 sequence 

is not γ-encoded. 

The case of a supercycle AB of sequences A and B (see section 1.3) can be applied to SR26, with 

sequence A being 𝑆0 and 𝑆𝜋, and sequence B being 𝑆0
′  and 𝑆𝜋

′ . In a 2D DQ-SQ experiment with SR26 as 

dipolar recoupling sequence, the rf phases of the reconversion pulses have to be shifted according to 

equations (9) and (10). Defining 𝑡𝑒𝑥𝑐
0 = 0, the necessary STiC phase shifts are (as given in the paper): 

 Δ𝜙(𝑆0) = Δ𝜙(𝑆𝜋 ) = −
1

2
𝜔𝑟𝑡1 (12) 

 Δ𝜙(𝑆0
′ ) = Δ𝜙(𝑆𝜋

′ ) = +
1

2
𝜔𝑟𝑡1. (13) 

 

 

2) Sample preparation for MAS-DNP experiments 

The AMUPol biradical7 was purchased from SATT Sud Est (Marseille, France), all other chemicals were 

purchased from Sigma-Aldrich. A 10 mM solution of AMUPol in 60/30/10 (v/v/v) D8-glycerol/D2O/H2O 

was used for the preparation of all DNP samples. For the histidine sample, 1.5 mg U-13C,15N-L-

histidine ∙ HCl ∙ H2O were dissolved in 30 µL of the AMUPol solution. 15 µL of this solution were 

transferred into a thick-wall zirconia rotor. For the ampicillin sample, ~50 mg of ampicillin anhydrate 

were impregnated with 27 µL of the AMUPol solution and filled into a thin-wall zirconia rotor. 

  

  



S5 
 

3) NMR experimental details 

All experiments were run on a Bruker Avance III DNP system, using a 9.4 T wide-bore NMR 

spectrometer equipped with a 263 GHz gyrotron, a microwave transmission line and a 3.2 mm low-

temperature MAS-DNP probe in double resonance mode. The sample temperature was ~105 K. All 2D 

DQ-SQ spectra were acquired with the pulse sequence shown in Fig. 1. 1H and 13C π/2 pulses were 

applied at rf field strengths of 100 kHz and 50 kHz, respectively. The initial polarization transfer from 
1H to 13C was achieved by cross polarization (CP), with an rf field strength of 50 kHz on 13C and a 80-

100 % linear ramp around the n+1 Hartmann-Hahn condition on 1H. The CP contact time was 2 ms.  For 

heteronuclear decoupling, SPINAL-648 at ~100 kHz 1H rf field strength was applied during 𝑡1 and 𝑡2 

evolution, and continuous-wave irradiation9 on 1H at ~107 kHz rf field strength was applied during 13C-
13C homonuclear recoupling periods. A 100 μs z-filter was inserted before to the flip-down pulse for 

detection. Frequency discrimination in the indirect dimension was achieved using the States-TPPI 

method.10 

The histidine spectra were recorded at a MAS frequency of 7.8 kHz and with a recycle delay of 2 s. For 
13C homonuclear recoupling, the SR26 sequence4 was applied at an rf field strength of 50.7 kHz on 13C. 

One full SR26 cycle was used for DQ excitation and reconversion each, resulting in a total mixing time 

of 4.1 ms. Acquisition times were 10 ms in the direct and 2.1 ms in the indirect dimension, and 64 

complex 𝑡1 points were recorded with 16 transients per point.  The dwell time in the indirect dimension 

was set to 33.33 μs, resulting in a spectral width of 30 kHz (298 ppm). The spectrum in Fig. 2a was 

recorded with STiC phase shifts as described in the paper, whereas the spectrum in Fig. 2b was 

recorded without these phase shifts but with otherwise identical parameters. Prior to Fourier 

transform, data were zero-filled in both dimensions and apodized with 50 Hz exponential line-

broadening in the direct dimension only. The total experimental time was ~ 1 h 10 min per spectrum. 

The ampicillin spectrum was recorded at a MAS frequency of 6 kHz and with a recycle delay of 11.7 s. 

The SR26 sequence was applied at an rf field strength of 39 kHz on 13C, and three full cycles were used 

for DQ excitation and reconversion each, corresponding to a total mixing time of 16.0 ms. 67 complex 

𝑡1 points were acquired with 16 transients per point. Acquisition times were 20 ms in the direct and 

2.6 ms in the indirect dimension. The dwell time in the indirect dimension was set to 38.2 μs, resulting 

in a spectral width of 26.2 kHz (260 ppm). STiC phase shifts were applied as described in the paper. 

Prior to Fourier transform, data were zero-filled and apodized with 50 Hz exponential line-broadening 

in both dimensions. The total experimental time was ~7 h. 
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4) Distances in the ampicillin spectrum 

Table S1: Distances corresponding to correlations marked in the 13C-13C DQ-SQ spectrum of ampicillin 
(Fig. 3). Only the shortest contributing distance is given for each pair of cross peaks. The distances have 
been extracted from the crystal structure of ampicillin anhydrate.11 No attempt was made here to 
distinguish the aromatic resonances C2’/C6’ and C3’/C5’. 

 Correlation Distance (Å) 

Correlations 
corresponding to one-

bond distances 
(yellow dashed lines) 

C1' - C2'/C6’ 1.39 
C4' - C3'/C5’ 1.39 

C2' - C3' 1.40 
C5' - C6' 1.40 

C16 - C1' 1.50 
C5 - C6 1.53 
C6 - C7 1.53 

C15 - C16 1.55 
C2 - C3 1.56 
C3 - C11 1.57 

Correlations 
corresponding to two-

bond distances 
(orange dashed lines) 

C5 - C7 2.08 
C1' - C3'/C5’ 2.42 

C6 - C15 2.43 
C15 - C1' 2.50 
C16 - C2'/C6' 2.50 
C16 - C2'/C6' 2.51 

C3 - C5 2.51 
C3 - C7 2.54 
C2 - C11 2.58 
C2 - C5 2.60 

Correlations 
corresponding to 

longer intramolecular 
distances 

(red solid lines) 

C15 - C2'/C6' 3.06 
C3 - C6 3.39 

C15 - C2'/C6' 3.52 
C7 - C15 3.54 

C11 - C7 3.58 
C5 - C15 3.73 

C16 - C3'/C5' 3.78 
C16 - C3'/C5' 3.80 

C6 - C16 3.80 
C15 - C3'/C5' 4.33 

Correlations 
corresponding to 

intermolecular 
distances 

(blue solid lines) 

C7 - C7 3.65 

C11 - C2'/C6' 3.91 
C3 - C15 3.92 

C11 - C16 3.93 
C6 - C4' 3.95 

C11 - C15 4.09 
C11 - C1' 4.19 
C15 - C3'/C5' 4.22 

C5 - C3'/C5' 4.36 
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