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The homonuclear radio-frequency driven recoupling (RFDR) experiment is commonly used in 

solid-state NMR spectroscopy to gain insight into the structure of biological samples due to its ease of 

implementation, stability towards fluctuations/missetting of radio-frequency (rf) field strength, and in 

general low rf requirements. A theoretical operator-based Floquet description is presented to appreciate 

the effect of having a temporal displacement of the -pulses in the RFDR experiment. From this 

description, we demonstrate improved transfer efficiency for the RFDR experiment by generating an 

adiabatic passage through the zero-quantum (ZQ) recoupling condition. We have compared the 

performances of RFDR and the improved sequence to mediate efficient 13CO to 13C polarization 

transfer for uniformly 13C,15N-labeled glycine and for the fibril forming peptide SNNFGAILSS 

uniformly 13C,15N-labeled at the FGAIL residues. Using numerically optimized sweeps, we get 

experimental gains of approximately 20 % for glycine where numerical simulations predict an 

improvement of 25% relative to the standard implementation. For the fibril forming peptide, using the 

same sweep parameters as found for glycine, we have gains in the order of 10 to 20 % depending on the 

spectral regions of interest.   

 

 

 
KEYWORDS: Solid-state NMR spectroscopy, homonuclear dipolar recoupling, RFDR, Floquet Theory, 

polarization transfer, adiabatic passage. 
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Introduction 

Homonuclear dipolar recoupling techniques are essential building blocks in biological solid-state 

magic-angle-spinning (MAS) NMR spectroscopy.1-3 These techniques provide access to important 

structural information which is otherwise averaged by MAS4 that is required to obtain high-resolution 

spectra. In multidimensional experiments, the dipolar recoupling blocks are routinely used to identify 

nuclei which are close in proximity, thereby facilitating resonance assignment or gathering of distance 

restraints5. This approach has been used as a key component in structure determination of numerous 

biological macromolecules.6,7 

A large variety of homonuclear dipolar recoupling techniques have been developed over the 

years1-3. Many of these sequences rely on the reintroduction of a so-called effective double-quantum 

(DQ) Hamiltonian, like the homonuclear rotary resonance (HORROR)8 sequence, different symmetry-

based experiments9 and the back-to-back (BaBa) experiment10 to mention a few. Each of these 

experiments has different properties, making the particular experimental conditions the decisive factor 

for which sequence to use. An important criterion for the recoupling element is the overall transfer 

efficiency, which generally can be improved by generating an adiabatic passage through the recoupling 

condition11. An example where such a passage has increased the efficiency is the dipolar recoupling 

enhancement through amplitude modulation (DREAM) experiment12. In DREAM, the radio-frequency 

(rf) field amplitude is swept through the HORROR8 matching condition, thereby allowing a theoretical 

transfer efficiency of 100% compared to 73% for the HORROR experiment in powder samples. 

Another class of homonuclear recoupling sequences reintroduces a zero-quantum (ZQ) 

Hamiltonian. While the DQ Hamiltonian gives negative peaks for the direct transfer and consecutively  

positive and negative peaks for relayed transfers, the ZQ Hamiltonian always gives positive correlation 

peaks and, hence, avoids the risk of cancellation of signal in case of overlapping resonance frequencies 

for relayed transfers. Radio-frequency driven recoupling (RFDR)13-15 is a commonly used technique for 

generating a ZQ Hamiltonian since it is easy to implement and has relatively low demands on the rf-

field amplitude.  

http://dx.doi.org/10.1063/1.4958318
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In resonance assignment experiments of biological samples, several transfer steps often occur 

and it is important to optimize each individual step. In particular, the 13CO to 13C transfer has been a 

limiting step when the MAS frequency is lower than the chemical-shift difference between the two 

carbon resonances of interest. Under these experimental conditions, the rotational resonance tickling 

scheme16 (R2T) cannot be employed as the CSA tensor will also be recoupled. Thus, the polarization 

transfer is often done by employing second-order schemes like proton-driven spin diffusion (PDSD)17 

and variants hereof or by dipolar recoupling techniques like RFDR or the band-selective homonuclear 

CP (BSH-CP)18 experiment.  

In this paper, we present a modification of the RFDR sequence with improved transfer efficiency 

mediated by an adiabatic passage through the resonance condition, hereby, ideally achieving transfer 

efficiencies up to 100%. This is conceptually different from the previous modification to improve the 

stability of the RFDR experiment which replaces the hard -pulses by adiabatic inversion pulses.19 Such 

a modification will only change the efficiency of the inversion pulses but not the efficiency of the 

RFDR experiment. We have embedded the RFDR sequence in a 2D experiment as illustrated in Fig. 1a. 

The original sequence employs one -pulse in the center of every rotor period as seen from Fig. 1b. A 

XY-4 or XY-8 phase-cycling scheme20,21 of the pulse train leads to improved stability of the experiment 

towards chemical-shift offsets and pulse imperfections since certain higher-order terms of the 

Hamiltonian are averaged21. Additionally, we have implemented 1H decoupling with constant x-phase 

for all 1H pulses but with rf field strength of pul / 2   during the 13C -pulses and win / 2   during the 

windows between them which has been shown to improve the transfer performance. 15 

Figure 1 

By varying the temporal placement of the -pulses, we can selectively reintroduce the chemical-

shifts with a variable scaling factor during the homonuclear dipolar recoupling period. A schematic 

representation of the sequence is given in Fig. 1c. Here, we are using two rotor periods as basic unit 

with the two -pulses time-shifted by   in opposite directions relative to the times 2
r  and 3

2
r , 
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respectively. In the following, we define   to be negative when the first pulse is shifted to start before 

2
r  and being positive if the first pulse is shifted to start after 2

r  and vise versa for the second pulse. A 

specific time-shift is repeated four times to use the XY-8 phase-cycling scheme (x,y,x,y,y,x,y,x) for the 

-pulses.21 To mimic an adiabatic passage through the recoupling condition, the time-shift   is 

changed gradually. Note that for 0  s, we reproduce the RFDR experiment. 

We first address the theoretical background, then we demonstrate improved performance 

through numerical simulations and finally we present supporting experimental results obtained by 

focusing on the 13CO to 13C polarization transfer on U-13C,15N-labeled glycine and for the fibril 

forming peptide SNNFGAILSS uniformly 13C,15N-labeled at the FGAIL residues22 (henceforth referred 

to as FGAIL).  

 

Theory 

 For a theoretical description of the experiment, let us consider two homonuclear coupled spin-

1/2 nuclei, I1 and I2. In the usual rotating (Zeeman) frame, the time-dependent Hamiltonian including 

isotropic and anisotropic chemical-shift interactions and the dipole-dipole coupling of the system under 

MAS and rf irradiation is given by  

        rf
ˆ ˆ ˆ ˆ

I IIH t H t H t H t       (1) 

with 

     r

2 2

I
1 2

ˆ ˆ
q

n in t
I qz

q n

H t e I
 

 , (2) 

      r

1 2

2

I I 1 2 1 2 1 2
2

ˆ ˆ ˆ ˆ ˆ ˆ ˆ2n in t
II z z x x y y

n

H t e I I I I I I


    , (3) 
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where the angular frequencies  
1I
n  and  

2I
n  are the isotropic ( 0n  ) and anisotropic ( 0n  ) chemical-

shifts,  
1 2I I
n  the dipolar coupling, r  the spinning frequency, q denotes either spin 1 or 2, and qjÎ  

(j=x,y,z) denotes the different spin operator components for spin q. For simplicity, we will restrict the 

description to the case of ideal -pulses. In the rf toggling frame, the dipolar coupling Hamiltonian in 

Eq. (3) is unchanged but the chemical-shift Hamiltonian in Eq. (2) can be written as   

      r

2 2

I
1 2

ˆ ˆ
q

n in t
I qz

q n

H t e t I
 

  ,   (4) 

 where  t  denotes the sign of the chemical-shift Hamiltonian at a given time. It depends on the 

number of applied -pulses, M, as    1
M

t   .  

As discussed in previous papers on the RFDR experiment13,14, it is the isotropic chemical-shift 

difference which recouples the dipolar coupling Hamiltonian. Thus, we rewrite the effective isotropic 

chemical-shift as            
1 2

0 0 ZQ DQ
I 1 I 2

ˆ ˆ ˆ ˆ
z z z zt I t I t I t I       

 
with     1 2

0 0
I I     and 

    1 2

0 0
I I     denoting the difference or the sum of the isotropic chemical-shift, respectively. We 

have also introduced the fictitious ZQ and DQ operators for the terms in relation to the isotropic 

chemical-shift interaction with  ZQ 1
1 22

ˆ ˆ ˆ
z z zI I I   and  DQ 1

1 22
ˆ ˆ ˆ

z z zI I I  23.  

 The adiabatic RFDR experiment is implemented by a time-shift of the -pulses such that the 

position of the first -pulse (in the first rotor period) is at r / 2   and the second (in the second rotor 

period) at r / 2  . The time-modulation of  t  due to the pulses is shown in Fig. 2a. Before 

transforming the description into the ZQ chemical-shift interaction frame, it proves worthwhile to 

separate  t  into an average, time-independent part and a time-dependent part with zero net phase 

over a full cycle. The same description has recently been proposed to analyze amplitude-modulated rf 
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fields24. The time-independent part of the chemical-shift difference is given by  CW t   , 

where the bar denotes the time average. Schematically, the average, time-independent shift is shown on 

the right in Fig. 2b. The time-dependent component with zero net phase angle is then given by 

 m CW( )t t      and is shown to the left in Fig. 2b. Using these definitions, Eq. (4) takes the 

form 

        r

2 2
ZQ ZQ DQ

m
,

C I
1 2 0

W
ˆ ( ) ˆ ˆ ˆ ˆ

q

n in t
I z z z qz

q n n

H t I I t I e t It 
  

         .  (5) 

In Eq. (5), the chemical-shift Hamiltonian is split into several terms which commute and can be 

treated separately in an interaction-frame transformation. An interaction-frame transformation by the 

time-dependent component of the isotropic chemical-shift difference Hamiltonian, ZQ
m ( ) ẑt I , can be 

described by the transformation operator 

  
m

ZQ

ZQ
0

ˆ( )
ˆˆ ( )

t

z

z

i t I
i I

dt
tU t e e 




  
    (6) 

with mos( )(c ) x ik
k

k

ta et 




   and min( )(s ) y ik
k

k

ta et 




 
 

, where ( )t  defines the phase angle 

calculated by direct integration of m ( )t , and x
ka  and y

ka  are the Fourier coefficients of the 

interaction-frame transformation and k is an integer. The interaction-frame dipolar coupling 

Hamiltonian can then be written as a Fourier series with two characteristic frequencies as 

 

 
       

 

ZQ ZQ
r

1 2

r

†

2
ˆ ˆ

I I 1 2 1 2 1 2
2

2
,

2

ˆ ˆ ˆ ˆ( ) ( ) ( )

ˆ ˆ ˆ ˆ ˆ ˆ2

ˆ .

z z

m

II II

ni I in t i I
z z x x y y

n

n k ik tin t
II

n k

t t

tH U t H t U t

e e I I I I I I e

H e e





  





 



  





 





  (7) 

The Fourier components  ,ˆ n k
IIH  are given by 
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1 2 1 2 1 2
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,
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ZQ ZQ
I I I I I

0

,0I 1 2
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ˆ ˆ ˆ ,ˆ2
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k
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I a I a I I

 

 



 

     

   


  (8) 

where we express the dipolar coupling interaction using the fictitious ZQ operators23 with 

ZQ
1 2 1 2

ˆ ˆ ˆ ˆ ˆ
x x x y yI I I I I   and ZQ

1 2 1 2
ˆ ˆ ˆ ˆ ˆ

y y x x yI I I I I  . For n = 0, we have  0,ˆ 0k
IIH   due to the setting of the 

magic angle.  

The resonance conditions, based on the interaction-frame Hamiltonian from Eq. (7), is generally 

given by25 

  r m 0n k   , (9) 

where the values of n are restricted to ±1 and ±2, while k  can take any integer value. For the basic 

element consisting of two –pulses (two rotor periods), the modulation frequency is given by 1
m 2 r   

and we obtain from an operator-based Floquet25 description the first-order effective dipolar coupling 

Hamiltonian in the time-modulated differential ZQ chemical-shift frame as 

          
1 2 1 2

1 1, 2 2, 4 ZQ ZQ ZQ ZQ
I I I I

2 0

ef

2 0

f effˆ ˆˆ ˆ ˆ ˆ ˆn nx y
II II II x k y k x y

n k n k
x yH H H I a I a I I   

   

            , (10) 

where the sum is taken over all possible values of n and k that contribute to the resonance condition 

given in Eq. (9). The variables eff
x  and eff

y  are short-hand notations of  
1 2I I

2 0

n x
k

n k

a
 
 and  

1 2I I
2 0

n y
k

n k

a
 
 , 

respectively. To determine the effective dipole-dipole coupling strength, we define 

      
1 2 1 2

2 2

I I I I
2 0 2 0

, , n nx y
eff PR PR PR k k

n k n k

a a     
   

       
   
   . (11) 

Figure 2c displays the calculated magnitude of the first-order effective dipolar coupling 

Hamiltonian as a function of the time shift relative to the effective dipole-dipole coupling strength 
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of the standard RFDR experiment, RFDR
eff , which is recovered for 0   s. Powder averaging has 

been performed as 

   eff eff PR PR PR PR PR PR PR2

1
, , sin( )

8
d d d       


  ,

 (12) 

where the three Euler angles PR , PR , and PR  denote angles defining the transformation between the 

principal axis system and the rotor-fixed frame. The calculation has been accomplished by setting 

/ 2  = r1.2 / 2   = 12 kHz which corresponds to about 120 ppm chemical-shift difference for two 

13C nuclei on a 400 MHz spectrometer at 10.0 kHz MAS. From Fig. 2c, it can be seen that the effective 

dipolar coupling strength is zero when 0.5
r



   . These conditions correspond to having both -pulses 

on top of each other or separated by two rotor periods and no recoupling will happen. By setting 0
r



  , 

the normal RFDR sequence is recovered. It is clear that for small time-shifts, the effective dipolar 

coupling strength is not changing significantly and that the mean scaling factor is symmetric around the 

standard RFDR condition (   = 0 s). It should also be mentioned that aiming for the highest transfer 

efficiency does not necessarily match the condition for the strongest effective dipolar coupling as, for 

instance, the interplay between the residual differential chemical-shift interaction and the recoupled 

dipolar coupling interaction complicates the picture. Furthermore, the profile is highly dependent on the 

relative ratio of the chemical-shift difference and the spinning frequency and, hence, new calculations 

have to be done when changing the before-mentioned parameters. 

Figure 2 

At this point, we can write up the effective first-order Hamiltonian containing both the time-

independent isotropic and anisotropic chemical-shift, and the dipolar coupling Hamiltonian 

    eff1 ZQ DQ ZQ ZQeff (1)
CSA

ˆ ˆ ˆ ˆ ˆˆ
zC z x yW x yH I t I HI I        ,   (13) 
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with       2 2
1 r

I
1 2, 0 r

(1)
CSA

sin ˆ4 1ˆ nn
q qz

q n n

n
I

n
H

 





  


  . Neglecting the chemical-shift anisotropy, it is 

evident from Eq. (13) that by changing the time-shift   and thereby changing 

    1 2

0 0 2
I ICW r


    proportionally, the effective axis of rotation in a ZQ subspace will change with 

CW  being the size of the z-axis component and the powder dependent effective dipolar coupling 

being the size of the x,y-plane component. In principle, this change can be sufficiently slowly to drag 

the polarization via an adiabatic passage through the recoupling condition such the density operator can 

be changed from 1̂zI  to 2̂zI .  In reality, a compromise for the required mixing time is needed in order to 

get the highest transfer efficiency as relaxation effects also occur.  

The size (or scaling factor) of the recoupled dipolar Hamiltonian in Eq. (10) is highly dependent 

on the ratio between the chemical-shift difference and the spinning frequency via the x
ka  and y

ka  Fourier 

coefficients which take the maximum value for k being around the value m

m

( )t




 for the normal RFDR 

sequence as discussed for xix decoupling.25 Hence, by having found good sweep parameters at a 

particular MAS frequency and chemical-shift offset setting, e.g. for 10 kHz MAS and 12 kHz chemical-

shift difference for 13CO to 13C transfer on a 400 MHz spectrometer, one may use these parameters to 

find an approximately proper setting at 20 kHz MAS and a chemical-shift difference of 24 kHz on a 800 

MHz spectrometer where the recoupled dipolar Hamiltonian will have the same scaling and then the 

individual time-shift   should be half to keep the ZQ subspace and the dragging in a similar fashion.   

As the anisotropic chemical-shifts also contribute to the sweep according to Eq. (13), the optimal 

sweeps are difficult to predict and a numerical approach can be pursued to optimize these. In the 

Supplementary Material,26 a script that can be executed via SIMPSON to find the best sweeps via a grid 

search has been provided. Here, the finite pulse effect of the -pulses is incorporated by making them 

last a time   and calculation of the temporal placement is realized by allowing a sweep in a tangential 
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form of   throughout the sequence with two parameters deciding the sweep size and form and one 

parameter governing the number of XY-8 elements in total. The displacement can be calculated 

according to 

 
1

1 2 , 1,..,
1

i
x tco i N

N

      
  (14) 

 sweep tan( )

2 tan( )

x

tco


  ,   (15) 

with the sweep size denoted sweep , the tangential cut-off angle denoted tco and N refers to the number of 

block repetitions. Here, we have used same notation for the parameters as given by Chandran et al.27 If 

N = 1, then   = 0 s is chosen as in standard RFDR. 

To find the first delay, 1,prior , up to the  pulse in the first rotor period in the i'th block, we 

calculate initially  . Equipped with  , the -pulse should start at 

 1,prior
r / 2 / 2       . (16) 

To account for a finite -pulse, half its duration is subtracted. Initially (i = 1),   is negative in Eq. (16) 

when having positive values for sweep  and tco as seen in Eqs. (14) and (15). However, in general it 

should not matter if the sweep is in one direction or the other. The delay up to the second rotor period is 

then given by 1,after 1,prior
r       . The second delay, 2,prior , up to the -pulse in the second rotor 

period can be calculated as 

  2,prior
r / 2 / 2      , (17) 

again taking the finite -pulse duration into account. The residual delay in the second rotor period is 

2,after 2,prior
r       . Since the general idea dictates to temporally shift the relative placement of only 

two -pulses, we can extend the above delays according to the phase cycling, e.g., the XY-8 scheme. To 

get a feeling of the calculations, we have listed the calculated delays for the initial two rotor periods for 
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5  s, sweep 2.5  s, r 100   s, and N = 3.  For 1i   we obtain 

 1,prior 1,after 2,prior 2,after 46.25 s 5 s 48.75 s 48.75 s 5 s 46.25 s                       .  (18) 

 It should be mentioned that for N equal to 1, 2, and 3, the tangential cut-off angle has no effect, 

i.e., the form of the sweep is immaterial. For N = 1, then   = 0 s; for N = 2, then sweep / 2    and 

sweep / 2  ; for N =  3, then sweep / 2   ,   = 0 s and sweep / 2  . 

 

Numerical Simulations 
 

All simulations were done using the open-source SIMPSON28,29 software. Powder averaging was 

accomplished using the REPULSION30 scheme with 66 ,CR CR   crystallite angles and 9 CR  angles. 

The 1H Larmor frequency was set to 400 MHz and the MAS frequency to 10 kHz. The simulations were 

based on a representative 13CO-13C spin-pair in a polypeptide with the 13C chemical-shift parameters 

CS CS CS CS CS CS
iso aniso PE PE PE, , ,( ), ,       set as 13CO (170 ppm, -76 ppm, 0.9, 0, 0, 90) and 13C(50 ppm, -20 

ppm, 0.43, 90, 90, 0) and the dipole-dipole coupling parameters 
1 2 PE PE, ,( / 2 )I Ib     set as (-2142 Hz, 

90, 120.8)31. The subscript PE signifies the transformation from the principal axis frame to the peptide 

plane. The carrier was set in the middle of the spectrum (at 110 ppm).  The starting operator and 

detection operator were set to longitudinal spin order ( 1 2
ˆ ˆ

z zI I ), -pulses lasting 5 s were 

implemented in the XY-8 phase scheme, and perfect 1H heteronuclear decoupling was assumed in all 

simulations. Time-shifting was realized as described in the Theory section.  

Grid search optimizations were performed to get the most suitable sweep and tco parameters for a 

fixed number N of XY-8 block repetitions. The resulting parameters are displayed in Table 1. Specific 

adiabatic RFDR time-settings are provided upon request. To get an idea of the robustness of the 

sequence against the isotropic chemical-shifts, grid calculations were performed for a mixing time of 24 

rotor periods (N = 3) and 80 rotor periods (N = 10) by varying the shift of 13CO by 10  ppm and the 

http://dx.doi.org/10.1063/1.4958318
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shift of 13Cby 20  ppm.  

N 1 2 3 4 5 6 7 8 9 10 

sweep/s 0 2.9 2.5 3.2 3.3 3.4 3.7 3.5 3.7 3.6 

tco/degrees NaN NaN NaN 89 80 80 79 79 81 81 

Table 1: The optimal adiabatic parameters (sweep, tco) obtained in a grid search as function of the 

number of XY-8 element blocks (N). Note that the sweep form, i.e. tco, is immaterial for N = 1, 2, and 

3. 

 

Experimental 

 Parameters common to all experiments are addressed initially followed by sample-specific 

parameters for uniformly 13C,15N-labeled glycine and subsequently for the fibril forming peptide 

SNNFGAILSS uniformly 13C,15N-labeled at the FGAIL residues (FGAIL). 

All experiments were conducted on a Bruker 400 Avance II NMR spectrometer (Bruker 

BioSpin, Rheinstetten, Germany) using a standard triple-resonance 2.5 mm MAS probe. The magic-

angle setting was done on KBr32 and the MAS frequency was set to 10 kHz.  Referencing of resonances 

was done relative to tetramethylsilane (TMS) using adamantane as a secondary reference with 13Clow-field 

at 38.48 ppm33 and 1H at 1.85 ppm34.  In general, data were obtained with the 1H carrier at 1.75 ppm and 

the 13C carrier at 110 ppm using 3 s repetition delays in the pulse sequence presented in Fig. 1a. -

pulses of 5 s duration were used in the XY-8 phase scheme to mediate polarization transfer. The XY-8 

phase cycling was reset prior to each scan. The specific delays prior and after the -pulses were 

implemented using the in-built variable pulse-list feature of the Bruker pulse programmer and used to 

define the width of the window 1H decoupling periods with rf field strength of win / 2  . To enhance 

sensitivity, cross-polarization (CP)35 was used with a ramp36 from 70-100% on the 1H channel. All 13C 

-pulses had a duration of 2.5 s. During acquisition, unified two pulse decoupling UTPD(φ,τ1,,τ2)
37 

was applied. The actual setting can be read in the parameter set in parenthesis with the first parameter 

http://dx.doi.org/10.1063/1.4958318
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denoting the phase shift between the two pulses, the second and third parameter denoting the length of 

the first and second pulse, respectively. TPPI was used to make the 2D experiments phase sensitive. 

Processing was done in Topspin 3.2 (Bruker Biospin, Rheinstetten, Germany) and zeroth- and first-

order phase corrections were imposed manually after Fourier transformation.  

The experimental data presented in Fig. 4 were extracted from 2D data for uniformly 13C,15N-

labeled glycine obtained at ambient temperature. The 1H excitation pulse duration was set to 3.0 s and 

CP was used with a contact time of 0.5 ms and average rf field amplitudes of 85 kHz (1H) and of 75 kHz 

(13C). The adiabatic sweep timing (sweep) was 2.5 s, cf. Eqs. (14)-(17). In Fig. 4a and 4b the RFDR 

mixing time was increased in steps of four rotor periods from 0 to 24 while 1H decoupling during the 

mixing elements was applied fulfilling pul / 2   = 150 kHz and win / 2   = 90 kHz. In Fig. 4c the rf 

field strength of the 1H decoupling pulses during the -pulses on 13C channel was varied while keeping 

the windowed 1H decoupling elements with constant rf field strength of win / 2   = 90 kHz. The mixing 

time was 1.2 ms for the normal RFDR experiment and 2.4 ms (N=3) for the adiabatic RFDR sequence. 

In Fig. 4d, the rf field strength of the 1H decoupling during the window between the -pulses on 13C 

channel was varied while keeping constant rf field strength for the decoupling during the -pulses of 

pul / 2   = 150 kHz. The mixing time was 1.2 ms for the normal RFDR experiment and 2.4 ms (N=3) 

for the adiabatic RFDR sequence. During acquisition, UTPD(170°,0.97r,,1.03r) decoupling with rf 

amplitude of 87 kHz was applied. Each 2D spectrum employed 180 increments and a spectral width of 

240 ppm (t1,max equal to 3.7 ms) in the indirect dimension. 8 transients (and 8 dummy scans) were used 

to fulfill the complete phase cycling in 8 steps. During processing, the 2D data sets were zero-filled to 

4096 and 512 in the direct and indirect dimension, respectively, and no line broadening was applied. 

Routines in Topspin 3.2 were applied to extract a slice at 176.7 ppm in the indirect dimension. 

Likewise, Topspin 3.2 procedures were used to calculate integrals in the extracted slice after having 

performed automatic baseline correction. The integral regions covered 20 ppm, each centered at the 
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resonance frequencies of 13CO (176.7 ppm) and 13Cα (43.5 ppm), respectively. Comparison of integrals 

across more spectra was rendered possible by normalizing all integrals against a specific value.  

The experimental data presented in Fig. 5 were extracted from 2D data for FGAIL obtained at a 

temperature of approximately 278 K. The 1H excitation pulse was set to 3.25 s and CP was used with a 

contact time of 1.0 ms and average rf fields of 85 kHz (1H) and of 75 kHz (13C). In total, four 

experiments were recorded. For the normal RFDR and the adiabatic version, the mixing time was 12 

and 24 rotor periods, respectively, which were experimentally found to give the highest transfer 

efficiencies and data from these are presented in Fig. 5. The adiabatic version used a sweep of 2.5 s. 1H 

decoupling during the mixing elements was applied fulfilling pul / 2   = 150 kHz and win / 2   = 90 

kHz. In the Supplementary Material26 two additional slices are presented from spectra which were 

recorded under same conditions but by employing the normal RFDR experiment with a mixing time of 

2.4 ms and one without any mixing element. During acquisition, UTPD(170°,0.97r,,1.03r) decoupling 

with rf field strength of 87 kHz was applied. Each 2D spectrum employed 248 increments and a spectral 

width of 440 ppm (t1,max = 11.6 ms) in the indirect dimension. 32 transients were used to fulfill the 

complete phase cycling in 16 steps. Compared to the glycine experiments, an additional phase cycle of 

the last 13C  pulse was invoked. During processing, linear prediction using LPfc was applied with 

NCOEF=100 and the 2D data sets were zero-filled to 4096 and 1024 in the direct and indirect 

dimension, respectively, and the signals were apodized with a squared cosine function (SSB = 2.5). 

Routines in Topspin were applied to sum slices between 165.9 ppm to 178.0 ppm in the indirect 

dimension. Likewise, Topspin procedures were used to calculate integrals in the resulting 1D spectra 

after having performed automatic baseline correction. Comparison of integrals across more spectra was 

rendered possible by normalizing all integrals against the diagonal region from the spectrum without 

any mixing element.  

 

Results and Discussion 
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 Aiming at finding the most efficient 13CO to 13C-transfer at a 400 MHz spectrometer 

using 10.0 kHz MAS, the optimal sweep parameters were numerically found as described in the 

Numerical Simulation section and the optimal parameters for different mixing times can be found in 

Table 1. In Fig. 3a, the numerical calculated transfer efficiencies for RFDR (blue squares) and the 

different optimal adiabatic RFDR (red squares) sequences are compared. The 13CO to 13C-transfer 

efficiency is indeed increasing as expected when an adiabatic passage through the resonance condition 

is getting closer to be realized and the curve clearly shows that an adiabatic passage can nearly be 

accomplished with approximately 79% transfer efficiency at mixing time of 8 ms. At a 400 MHz 

spectrometer, normal RFDR turns out in simulations to reach a maximum transfer of 53.3% after 24 

rotor periods (N = 3). For the same mixing time, the adiabatic version of RFDR transfers more than 

66.7%, corresponding to an improvement of 25% relative to the standard implementation. 

Figure 3 

 

During the adiabatic sweep, the effective axis of rotation in ZQ subspace is given by a 

combination of the induced isotropic and anisotropic chemical-shift differences. Changing the isotropic 

chemical-shifts relative to each other will, therefore, provide some insight into the robustness towards 

the chemical-shifts values often encountered in biological samples. The resulting contour plots are given 

for RFDR in Fig. 3b employing a mixing time of 24 rotor periods (N = 3), adiabatic RFDR in Fig. 3c 

employing a mixing time of 24 rotor periods (N = 3) and adiabatic RFDR in Fig. 3d employing a mixing 

time of 80 rotor periods (N = 10). From the plots based on the adiabatic RFDR sequences, it is evident 

that the polarization transfer is higher over the entire chemical shift region compared to the ordinary 

RFDR sequence. In addition, the variation of the transfer efficiency is very small in the plotted 

chemical-shift regions. Combined, these observations illustrate that even though the effective z-axis of 

rotations is changed in the ZQ subspace due to changes in the differential isotropic chemical-shifts, the 
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adiabatic passage is still working very efficiently and the adiabatic version is in general better than the 

standard. 

Figure 4 presents a comparison of the experimental transfer efficiencies for ordinary RFDR 

(blue squares and crosses) and the adiabatic RFDR sequence (red squares and crosses) which was 

optimized for N = 3. The transfer efficiencies have been extracted as indicated in the Experimental 

section from slices of 2D spectra recorded on U-13C,15N -labeled glycine at 10.0 kHz MAS on a 400 

MHz spectrometer. In Figs. 4a and 4b are the peak intensities of cross peaks and diagonal peaks as 

function of mixing time presented. The mixing time has been increased in steps of four rotor periods in 

order to find the maximal transfer efficiency for the normal RFDR sequence which may not require the 

full phase-cycling as the buildup time for the highest transient depends on the scaling factor of the 

recoupled dipolar Hamiltonian. The peak intensities have been integrated and normalized to the 

diagonal peak intensity from a spectrum without any mixing element. The adiabatic RFDR is recorded 

consistently with sweep equal to 2.5 s. Hence, only the last measured data point (after 24 rotor periods 

with N = 3) exploits the entire sweep of the given sequence which is different from what is presented in 

Fig. 3a where individually transfer efficiencies for full sweeps are simulated for different mixing times. 

From the data in Fig. 4a, it is seen that the transfer efficiency is increasing as more elements are 

employed for the adiabatic RFDR sequence and finally an approximately 55% transfer efficiency is 

reached which corresponds to a gain of more than 20 % over ordinary RFDR which reaches a transfer 

efficiency of approximately 45% after 12 rotor periods. The inset in right lower corner in Fig. 4a shows 

spectrum slices extracted from the highest 13CO to 13C cross peaks for RFDR (blue) and adiabatic 

RFDR (red). It can be seen that the signal-to-noise ratio is really good, and, from the reference spectrum 

(without any mixing time) the signal-to-noise ratio has been determined to be more than 6000. It can be 

seen in Fig. 4b that the diagonal peak intensity is continuously dropping throughout the entire adiabatic 

sweep whereas for the normal sequence, it is more like that the polarization is equilibrating between the 

two carbon atoms. This equilibration after more than 12 rotor periods of mixing time is due to the 

different effective dipolar coupling strengths for a powder sample where polarization will be transferred 
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either forward or backward for certain crystallites. The less dominant diagonal peak intensity at 

maximum transfer for the adiabatic RFDR sequence (at 24 rotor periods) compared to the ordinary 

RFDR sequence (at 12 rotor periods) may be useful in case the element is used to mediate polarization 

transfer among aliphatic carbon atoms where a strong diagonal peak may interfere and complicate peak 

assignment.  

Figure 4 

From the experimental data presented in Figs. 4a and 4b, an adiabatic passage through the 

resonance condition is not fulfilled as the mixing time is too short for this. However, for N = 3 we still 

receive a compensation of the angle-dependency as seen from the numerical simulations in Fig. 3a. By 

increasing the length of the adiabatic version we did not find any additional gain in the experimentally 

transfer efficiencies which in general is lower than presented in the numerical simulations (55% 

compared to 66.7%) in Fig. 3a. This may be explained by several aspects that we have not discussed in 

the Theory section. First of all, the numerical simulations were performed for an isolated two-spin 

system without relaxation which does not describe the full spin dynamics in a multi-spin system. In 

particular, insufficient 1H decoupling under the mixing element will decrease the performance. It has 

been discussed that better decoupling performance may be achieved using moderate CW irradiation 

during the windows between the -pulses and strong CW during the -pulses.15 In Fig. 4c we present 

experimental data for the peak intensities of cross peaks as function of the 1H rf field strength pul / 2   

during the -pulses on the 13C pulses. In general, the performance is increasing with stronger decoupling 

field during the -pulses and the increase is higher for the adiabatic version of RFDR compared to the 

normal version. This finding may be caused by the fact that the overall mixing time is increased from 12 

to 24 rotor periods for the RFDR to the adiabatic RFDR sequence. In Fig. 4d, the cross peaks intensities 

as function of 1H decoupling strength during the windows between the -pulses are presented. The data 

are recorded using a total mixing time of 12 rotor periods for RFDR and 24 rotor periods for the 

adiabatic version with pul / 2   = 150 kHz. From the data, it is seen that the transfer efficiency is indeed 
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not sensitive towards the 1H decoupling in the windowed periods for both RFDR experiments. Hence, in 

order to achieve best performance it is worth to use different decoupling rf field strengths during the 

mixing element to reduce the overall rf consumption. A full theoretical description of decoupling 

performance is beyond the scope of this article. 

Another reason for getting less transfer experimentally compared to that achieved in the 

simulations may be that by changing the position of the -pulses, we partly reintroduce not only the 

anisotropic chemical-shift but also heteronuclear dipolar coupling interactions. By applying sufficiently 

efficient 1H decoupling this will not pose a problem to the protons but the 13C-15N dipole-dipole 

couplings will still be active. However, no experimental gain was found by applying low-power CW rf 

irradiation on the 15N channel during the mixing element. Currently, we are also investigating whether 

pulse imperfections, i.e., phase transients and finite amplitude rising times influence the transfer 

efficiency. Compensation of such experimental imperfections might make it possible to realize 

additional gain in the efficiency of the (adiabatic) RFDR sequence. 

The transfer performance of the adiabatic RFDR sequence has also been compared to the 

ordinary RFDR sequence on basis of 2D 13C-13C correlation spectra of SNNFGAILSS amyloid fibrils 

uniformly 13C,15N-labeled at the FGAIL residues. The pulse sequences were optimized for highest 13C 

cross peak intensities. The data are presented in Fig. 5. The 2D spectrum shown in Fig. 5a has been 

obtained utilizing the adiabatic RFDR sequence with a mixing time of 24 rotor periods (N = 3). All 

experimental parameters can be found in the Experimental section. From the spectrum it is seen that 

polarization transfer is achieved not only for 13CO to 13C and reverse but also among aliphatic side-

chain carbons, clearly illustrating the broadband features of the adiabatic RFDR sequence covering the 

entire 13C spectral region. 

Figure 5 

Elaborating on the 13CO,13C-transfer, the integrated rows in the carbonyl region from 165.9 

ppm to 178.0 ppm in the indirect dimension of the 2D spectra using either RFDR (with a mixing time of 
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1.2 ms) or the adiabatic RFDR render it possible to directly compare the two methods. The resulting 1D 

spectra are given in Figs. 5b and 5c, respectively, and the numbers highlighted in each spectrum relate 

to integrated signal intensities for the regions marked by the arrows relative to the diagonal carbonyl 

peak from a 2D spectrum without any mixing element. We note that we also recorded the normal RFDR 

experiment using a mixing time of 2.4 ms. The result can be found in the Supplementary Material26 but 

was found to be worse than using 1.2 ms of mixing time. Consistently, the new adiabatic RFDR 

technique shows gains in the order of 10-20% depending on the chemical-shift region of interest. Note 

that the peaks at around 20 ppm arising from transfer of carbonyl polarization to side-chains nuclei have 

not been included in the analysis, however, for these side-chains the adiabatic sequence is improving the 

intensity relative to the ordinary RFDR sequence, mainly due to a longer mixing time. This clearly 

illustrates why we choose a short adiabatic RFDR sequence with a mixing time of 24 rotor periods (N = 

3) as to minimize relayed polarization transfer. By including the entire aliphatic region in the analysis, 

the total transfer efficiency was found to be approximately 53% for the adiabatic RFDR sequence 

compared to 43% for the RFDR sequence which corresponds to a gain of around 20%.  

 

Conclusions 

In conclusion, we have presented an adiabatic variant of the RFDR experiment significantly 

improving polarization transfer by gradually changing the temporal positions of the -pulses throughout 

the mixing time. Theoretically, the modifications can be understood by realizing that the non-averaged 

chemical-shift difference can be swept such that an adiabatic passage through the zero-quantum 

recoupling condition can be accomplished, thereby dragging the polarization from one nucleus to 

another. Experimentally, we have shown that the technique is indeed improving the transfer efficiency 

for 13CO to 13C polarization transfer compared to the conventional RFDR sequence. At present, the 

optimal sweep parameters are found numerically as the sweep through the resonance condition is 

affected by the isotropic as well as the anisotropic chemical-shift differences of the involved nuclei and, 

therefore, depend on the particular characteristics of the spin system. However, the presented sweeps 
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can be used to guide optimizations for other experimental settings for 13CO to 13C polarization transfer 

by scaling the time-shift  accordingly to keep the relative sizes of the x,y and z components in the 

ZQ subspace the same.    

 

Supplementary Material 

See Supplementary Material at [URL]26 for a SIMPSON script that via a grid search provides 

optimized adiabatic sweep parameters.  
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Figure 1 

  

Fig. 1.  (a) Schematic representation of a 2D 13C-13C correlation experiment using either (b) RFDR or 

(c) adiabatic RFDR to mediate polarization transfer. The RFDR element consists of one -pulse 

centered in the middle of each rotor period. This element is then repeated M times. In adiabatic RFDR, 

two rotor periods are considered where the temporal positions of the pulses are moved in opposite 

directions with respect to the center by time . A given time-change is repeated four times to employ a 

XY-8 phase cycling of the -pulses. The element is then repeated with a new value for the time . 

Black bars represent -pulses while the gray bars represent 2
 -pulses. During the RFDR mixing 

element, 1H decoupling with constant x-phase is employed with rf field strength of pul / 2   during the 

-pulses and win / 2   during the windows between them.   
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Figure 2 

  

Fig. 2. (a) The time-evolution of the isotropic chemical-shift difference     1 2

0 0
I I ( ) ( )t t      

between the two nuclei of interest can be separated into (b, left) a time-dependent component 

 m CW( )t t      and (b, right) an average, time-independent part  CW t    where we 

have chosen a positive   for the first -pulse. This corresponds to the last part of the sweep in Fig. 1c. 

In (c), a plot of the powder averaged strength for the recoupled dipolar Hamiltonian (Eqs. (11) and (12)) 

is given as function of the relative time-shift  of the -pulses. The strength is scaled to unity for 

0  . The calculation is done by setting / 2  = r1.2 / 2   = 12 kHz. 
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Figure 3 

 

Fig. 3.  (a) Simulations for the transfer efficiencies for RFDR (blue squares) and adiabatic RFDR (red 

squares) as function of mixing time. For a given number of blocks, N, the corresponding time-shifts and 

tangential sweep forms of the most efficient adiabatic RFDR sequence has been selected. Dashed line at 

N=3 indicates the time-point of maximum transfer efficiency of standard RFDR. The transfer efficiency 

as function of chemical-shifts for both involved nuclei are numerical calculated for (b) RFDR (with 

N=3), (c) adiabatic RFDR (with N=3) and (d) adiabatic RFDR (with N=10). All simulations were done 

for a 400 MHz spectrometer at 10.0 kHz MAS. The rf field strength of the -pulses was set to 100 kHz 

and a XY-8 phase cycling was employed. Additional parameters for all simulations and time-sweep for 

the adiabatic RFDR sequence are given in the Numerical Simulation section. 
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Figure 4 

 

Fig. 4.  Extracted experimental peak intensities (relative to initial diagonal peaks without any mixing 

element) from 2D spectra on U-13C,15N -labeled glycine using RFDR (blue crosses and squares) and 

adiabatic RFDR (red crosses and squares). In (a) signal intensities of cross peaks and (b) diagonal peaks 

as function of mixing time are presented. 1H decoupling was employed during the mixing elements 

using pul / 2   = 150 kHz and win / 2   = 90 kHz. Note, for the adiabatic RFDR points, the entire 

sweep is only executed at a mixing time of 24 rotor periods (N=3). The inset in right lower corner of (a) 

shows spectrum slices for highest 13CO to 13C cross peaks for RFDR (blue) and adiabatic RFDR (red). 

In (c) cross peaks intensities as function of 1H decoupling strength during the -pulses with win / 2   = 

90 kHz and (d) cross peaks intensities as function of 1H decoupling strength during the windows 

between the -pulses with pul / 2   = 150 kHz is presented using a total mixing time of 12 rotor periods 

for RFDR and 24 rotor periods for the adiabatic version. All peak intensities have been scaled relative to 

the diagonal peak from a 2D spectrum without any mixing element and recorded on a 400 MHz 

spectrometer at 10.0 kHz MAS. The rf field strength of the -pulses was set to 100 kHz, a XY-8 phase 

cycling was employed in all experimental approaches. Additional experimental parameters are found in 

the Experimental section. 
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Figure 5 

  

Fig. 5. (a) Experimental 2D 13C-13C correlation spectrum of the peptide SNNFGAILSS uniformly 

13C,15N-labeled at the FGAIL residues obtained using the pulse sequence in Fig. 1a with 2.4 ms (24 

rotor periods) adiabatic RFDR mixing optimized for most efficient 13CO to 13C transfer. The blue and 

green color represents positive and negative contours, respectively. Sum projections of the carbonyl 

region in the indirect dimension (see dotted region in (a)) from 2D spectra using (b) 1.2 ms standard 

RFDR mixing and (c) adiabatic RFDR mixing show the integrated intensities against the diagonal 

region from a 2D spectrum without any mixing element (Integrated signal from 165.9 to 178.0 ppm 

from a sum projection in the indirect dimension). The mixing times for both experiments were 

optimized for the highest 13CO to 13C transfer. All data were recorded on a 400 MHz spectrometer at 

10.0 kHz MAS. 1H decoupling was employed during the mixing elements using pul / 2   = 150 kHz 

and win / 2   = 90 kHz.  A XY-8 phase cycling of the 100 kHz rf amplitude -pulses was employed for 

both experiments.   
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