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Abstract 

The convergence of simulated C-REDOR curves of (infinitely) large spin systems is investigated 

with respect to the number of spins considered in the calculations. Taking a sufficiently large 

number of spins (> 20000 spins) into account enables the simulation of converged C-REDOR 

curves over the entire time period and not only the initial regime. The calculations are based on an 

existing approximation within first order average Hamiltonian theory (AHT), that assumes absence 

of homonuclear dipole-dipole interactions. The C-REDOR experiment generates an average 

Hamiltonian close to the idealized AHT behavior even for multiple spin systems including multiple 

homonuclear dipole-dipole interactions which is shown from numerically exact calculations of the 

spin dynamics. Experimentally it is shown that calculations accurately predict the full, experimental 

C-REDOR curves of the multi-spin systems 31P-19F in apatite, 31P-1H in potassium 

trimetaphosphimate and 1H-31P in potassium dihydrogen phosphate. We also present 13C-1H and 
15N-1H data for the organic compounds glycine, L-alanine and L-histidine hydrochloride 

monohydrate which require consideration of molecular motion. Furthermore, we investigated the 

current limits of the method from systematic errors and we suggest a simple way to calculate errors 

for homogeneous and heterogeneous samples from experimental data. 
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1 Introduction 

In solid-state NMR internuclear distances are often determined from experiments which selectively 

recouple the dipole-dipole interaction [1-4] under magic-angle spinning (MAS) conditions. An 

example is the measurement of through-space heteronuclear dipole-dipole couplings to obtain 

interatomic distance information [5-11]. Among the suitable recoupling sequences rotational echo 

double resonance (REDOR) [8] is one of the most prominent [12-19], since it is robust with respect 

to radio-frequency imperfections and able to recouple even small dipole-dipole couplings due to the 

refocussing π-pulse. REDOR-like pulse sequences have a number of applications, addressing 

structural aspects of glasses [20,21], polymers [22] and crystalline powders [23], from organic [24] 

and inorganic [25] bulk materials to nanoparticles [11,18], and ultimately biological samples 

[17,26]. 

For structural applications of REDOR experiments it is often necessary to calculate REDOR curves 

for large spin systems [15,18,27]. With conventional spin-density matrix based programs [28-30] 

the calculation can be very time consuming [31], because the manipulation of matrix 

representations leads to a strongly non-linear scaling behavior with respect to the number of spins. 

Depending on the program the simulation is thus limited to about 15 spins (I=1/2) [28-34]. While 

limited by the spin system size this approach has the advantage that it allows a rigorous treatment 

including terms from the chemical shift and the homonuclear dipole-dipole interaction. 

A linear scaling behavior with respect to the spin system size can be achieved by shifting away from 

a numerically exact calculation of the REDOR curve to an approximation correct to first order 

average Hamiltonian theory (AHT) that takes only terms from the heteronuclear dipole-dipole 

interaction into account. Expressions for REDOR curves of multi-spin systems SIn [19,27,35,36] 

are available, which assume the absence of homonuclear interactions and only require the isotopes 

and Cartesian coordinates of the nuclei as input. The oscillations in the REDOR curve for a two-

spin case are correctly described and it has been pointed out that the REDOR curve of a multiple-

spin system is sensitive not only to the number and magnitude of dipole-dipole coupling constants 

but also the relative orientation of different heteronuclear coupling tensors. Interestingly, this 

orientation dependence cannot be observed in the initial regime of the REDOR curve, which can be 

predicted from the sum of squared dipole-dipole couplings constants [13,14] alone. The latter 

feature allows for a rapid analysis of the REDOR curves of glasses and nano-particles. Furthermore, 

modified analytical expressions have been suggested for jump dynamics in the fast motional regime 

[27,35]. 

Unfortunately, REDOR recouples not only heteronuclear but also terms related to the homonuclear 

dipole-dipole interaction which strictly speaking means that the analytical expressions mentioned in 

the previous paragraph are valid only in the case of a 2-spin system. 13C{1H}-REDOR simulations 
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of a 5-spin system in glycine demonstrate, that homonuclear interactions do disturb the experiment 

(see Supp. Info.). This problem was first solved by Chan and coworkers with the introduction of C-

REDOR [37,38], which makes use of a symmetry based [2] rotor-synchronized pulse sequence of 

the type CNn
ν, that allows the suppression of unwanted contributions in the approximation up to 

first order average Hamiltonian theory [39-41]. To this end an appropriate choice of the symmetry 

numbers (N, n, ν) and the basic C-element has to be made [37,38]. Following the same principle, 

other methods were developed that expand the scope of heteronuclear recoupling pulse sequences in 

multi-spin systems under MAS [41-44]. By application of symmetry-based sequences to two 

channels [45] it is even possible to achieve homonuclear decoupling on both channels while 

recoupling parts of the heteronuclear dipole-dipole interaction under high-resolution conditions. 

However these experiments are quite demanding with respect to the hardware and often 

unnecessary, because magic-angle spinning would average out the homonuclear interaction of non-

isochronous spin-pairs anyway. It should be noted that none of these pulse-sequences decouples 

isotropic J-coupling which leads to small but non-commuting terms with the terms of the 

heteronuclear through space interaction [2].  

A completely different approach was introduced with the HARDSHIP experiment [11] that takes 

advantage of the different T2,H relaxation times of protons in a nanoparticle shell and core. It is 

based on the approximation that long-ranged heteronuclear dipolar couplings commute with strong 

homonuclear dipolar couplings for short recoupling periods. Thus, it enables the measurement of 

weak heteronuclear dipolar interactions between abundant protons and an NMR-active nucleus and 

has been applied to the measurement of nanoparticle thickness. 

In this contribution we combine the C-REDOR technique with a multiple-spin analysis on the basis 

of analytical formulas based on first order AHT (average Hamiltonian theory), which allows us to 

investigate whether it is feasible to use the complete REDOR curve of materials with abundant 

spins like 1H, 31P or 19F for structural studies. To this end the extended spin systems found in 

crystalline model compounds need to be calculated, convergence with respect to the number of 

spins needs to be confirmed and implementations of analytical REDOR formulas for fast motional 

jump processes have to be validated against the experiment. 

2 Experimental section 

For efficient calculations of REDOR curves a Fortran95 program (compiled with gfortran, version 

4.6.1) was written which allows for the calculation of REDOR curves to long time periods of 

abundant multi-spin systems. The program tests powder average convergences automatically and 

allows for jump dynamics according to eqs. 1-4. Lebedev [46] and ZCW [47-49] averaging schemes 

with 3-angle sets were used for powder averaging. Because the program is based on an analytical 
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description (section 3.1) it achieves close to linear scaling with respect to the number of spins in the 

spin system. 

The SIMPSON package (version 2.0.0) was used to validate our program against numerically exact 

calculations of the evolution of the density-matrix [28,50]. Convergence with respect to the number 

of orientations in the powder averaging scheme and the time integration step-width was tested in 

every case.  

The sample fluorapatite Ca5(PO4)3F is a natural mineral obtained from the town of Mapimí 

(Durango, Mexico). Potassium trimetaphosphimate (K3(PO2NH)3) as synthesized in reference [51] 

was identified by x-ray diffraction [51,52]. Enriched 13C2-glycine and 13C-15N-glycine (both 99% 

pure) were purchased from Eurisotop and potassium dihydrogen phosphate (KH2PO4) (99% pure) 

from Merck. Enriched 13C3-
15N-L-alanine (99% pure) was purchased from Cambridge Isotope 

Laboratories. All samples were used without any further treatment. 

Atom positions were extracted from the respective crystal structures (fluorapatite [53], KH2PO4 

[54], glycine [55], L-alanine [56]) to calculate the dipole-dipole couplings constants and Euler 

angles ΩPC= {αPC, βPC, γPC} which relate principal axis to the crystal frame. For KH2PO4, glycine 

and alanine H-positions stem from neutron diffraction studies. For K3(PO2NH)3 the hydrogen 

positions of the crystal structure [52] were refined by a quantum chemical structure optimization 

because of the lack of neutron diffraction data and because contradicting H-positions that can be 

found in literature [51,52]. The partial optimization was performed under periodic boundary 

conditions with the VASP program [57-60], version 4.6.28, using the projector augmented plain 

wave (PAW) method [61,62]. A Γ-centered k-point mesh [63] with four points in each direction 

(4x4x4) was used and the plane wave energy cutoff was set to 500 eV. The PBE density functional 

[64] was used with the standard pseudo potentials delivered for PBE/PAW with VASP. 

Optimizations were considered as converged when the energy between two subsequent steps was 

below 10-7 eV and the residual forces were converged to 10-6 eV/Å. 

Solid State NMR experiments on fluorapatite were conducted at a magnetic field of 4.7 T on a 

Bruker Avance II-200 equipped with a 2.5 mm double resonance MAS probe at 1H frequency of 

200.175 MHz. Solid State NMR experiments on K3(PO2NH)3, 
13C2-glycine, 13C-15N-glycine, 

13C3-
15N-L-alanine and KH2PO4 were conducted at a magnetic field of 11.7 T on a Bruker 

Avance III-500 spectrometer equipped with a 1.3 mm double resonance MAS probe at 1H frequency 

of 500.13 MHz. Saturation combs were used before all repetition delays, to prevent unwanted 

coherence order transfer pathways from contributing to the observed signal. 

The channels used in the C-REDOR experiments described below are denoted as S{I}, where S 

refers to the observed nucleus and I to the recoupled one. 19F{31P} experiments on fluorapatite were 

performed at a sample spinning frequency νr of 20 kHz with a recycle delay set to 3 s and 
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accumulated 32 transients/FID. 31P{1H} experiments on K3(PO2NH)3 were performed at a νr of 

50 kHz with a recycle delay set to 30 s and accumulated 16 transients/FID. 1H{ 31P} experiments on 

KH2PO4 were performed at a νr of 50 kHz with a recycle delay set to 3 s and accumulated 16 

transients/FID. 13C{1H} experiments on 13C2-glycine were performed at a νr of 50 kHz with a 

recycle delay set to 64 s and accumulated 16 transients/FID. 15N{ 1H} experiments on 
13C-15N-glycine were performed at a νr of 50 kHz with a recycle delay set to 4 s and accumulated 64 

transients/FID. 15N{ 1H} experiments on 13C3-
15N-L-alanine were performed at a νr of 40 kHz with a 

recycle delay set to 10 s and accumulated 512 transients/FID. 13C{1H} experiments on 
13C3-

15N-L-alanine were performed at a νr of 40 kHz with a recycle delay set to 98 s and 

accumulated 16 transients/FID. Coherence transfer pathway selection was achieved with a 16 step 

nested phase-cycle in all experiments. 

Whenever the sample spinning frequencies νr were higher than 40 kHz, a modified C-REDOR pulse 

sequence was used. It synchronizes the windowless C-REDOR sequence by merging the 1800 pulse 

in the middle of the recoupled channel and the subsequent 900 pulse from the POST [65] scheme of 

the first C-element into a 90180 pulse as shown in Figure 1 (note the opposite phase). The idea is to 

bring one-spin magnetization to the same orientation in that part of the sequence, but only through a 

different path. In this manner we gain synchrony at the cost of breaking the internal symmetry of 

one of the C-elements. This ansatz may be found in literature [45]. C-REDOR curves were obtained 

using 1
2C2POST− , 1

3C3POST− , 1
4C4POST−  and 1

5C5POST−  as well as permutations thereof 

(also refered to as 1
xCXPOST− 37,38), since they share the same first-order average Hamiltonian and 

their scaling factors are equal37,38. 

As a measure of the deviation between two C-REDOR data sets we use the root-mean-square 

deviation r [66]: 

( ) ( )( )
( )2

2

set1 data

set2 dataset1 data

∑
∑ −

i

ii

y

yy
=r   (1) 

We present r values between experimental (data set 1) and simulated (data set 2) data sets, as well 

as between two simulated data sets. Clearly, a comparison between two r values is only meaningful 

when the data sets from which they have been calculated feature an equal number of points m that 

run over the same time period. 

In order to relate the isotropic chemical shift isoδ , the chemical shift anisotropy (CSA) anisoδ  and 

the asymmetry parameter CSη  to the principal elements of the shift tensor ( )3322,11, δδδ  we use the 

following definitions28: ( )zzyyxxiso δ+δ+δ=δ
3

1
, isozzaniso δδ=δ − , and ( ) anisoxxyyCS δδδ=η /− , 



where 3322,11, δδδ  are ordered according to 

defined by certain reference materials

3322,11, δδδ  and isoδ . 

 

3 Theory 

3.1 Description of C-REDOR curves by analytical functions

In this section we shortly describe the analytical expressions for C

systems (also with fast motional processes) which are based on REDOR articles by different authors

[27,35], however slightly modified to allow for a general description of symmetry based pulse 

sequences. 

In solid-state NMR it is usual to sp

 

 

where the Euler angles are defined according to the Rose convention

of dipolar interactions PAF has its z

crystal frame CRY through the set of Euler angles 

fixed orientation to the z-axis of the rotor frame 

PAF 
(αPC, βPC

Figure 1:Modified C-REDOR pulse sequence for the purpose of improved rotor synchronization; 
the rectangles on the S-channel represent the 
usually used in the middle of the sequence on t
first C-element (C0*) are replaced by a single 90
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are ordered according to | | | | | |isoyyisoxxisozz δδδδδδ −≥−≥− . The frequencies 

defined by certain reference materials [67], define 0 ppm for the above stated deshielding values of 

REDOR curves by analytical functions 

In this section we shortly describe the analytical expressions for C-REDOR curves o

systems (also with fast motional processes) which are based on REDOR articles by different authors

, however slightly modified to allow for a general description of symmetry based pulse 

state NMR it is usual to specify different frames of reference [2]: 

where the Euler angles are defined according to the Rose convention [68]. The principal axis frame 

has its z-axis along the vector connecting two spins and relates to the 

through the set of Euler angles αPC, βPC and γPC. Crystals and molecules have a 

axis of the rotor frame ROT, given by another set of Eu

CR ROT LAB 
PC, γPC) (αCR, βCR, γCR) (αRL, βRL, γRL) 

REDOR pulse sequence for the purpose of improved rotor synchronization; 
channel represent the π/2- and π-pulses for the spin echo; the 180

usually used in the middle of the sequence on the I-channel and the subsequent 90
*) are replaced by a single 90180-pulse. 

. The frequencies refν , 

ppm for the above stated deshielding values of 

REDOR curves of multiple-spin 

systems (also with fast motional processes) which are based on REDOR articles by different authors 

, however slightly modified to allow for a general description of symmetry based pulse 

. The principal axis frame 

axis along the vector connecting two spins and relates to the 

. Crystals and molecules have a 

, given by another set of Euler angles α
CR

, βCR 

 

 

REDOR pulse sequence for the purpose of improved rotor synchronization; 
pulses for the spin echo; the 1800-pulse 

channel and the subsequent 900-pulse from the 
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and γCR. Finally, the rotor frame ROT is connected to laboratory frame LAB (whose z-axis is along 

the magnetic field of the spectrometer) by the Euler angles αRL, βRL and γRL. Under MAS conditions 

these take the values αRL= 2π νrt+α0, βRL≈ 54.74° and γRL= 0, where α0 and γRL have no influence on 

the C-REDOR curve of a powder sample. 

In a SIn spin system, where n I-spins couple to an observed S-spin, the normalized dipolarly 

dephased signal 0/ SSD  of the C-REDOR experiment of a powder is a product of cosine terms as 

adopted from Brouwer [27], but modified to consider the magnitude of the scaling factor κ of the 

pulse sequence: 

| | ( ) ( )( )[ ]∏ −
n

=k
CRkCRkkdip,

D γSγCτνκπ=
S

S

1
1,1,

0

cossin3/2cos   (2) 

where kdip,ν  is the dipole coupling constant, defined as 
32

0

8 k

SI
kdip,

rπ

γγµ
=ν

h
− , where Iγ  and Sγ  refer to 

the gyromagnetic ratios of the nuclei and rk refers to the internuclear distance between spin S and 

the kth spin I. The dephasing time τ of the experiment (Figure 1) refers to the total amount of time 

during which the C-REDOR sequence is applied. The scaling factor κ is a complex number that 

reflects the efficiency of symmetry-allowed terms41, which for C-REDOR 1
xCX  with a PostC 

element takes | | 0.24503≈κ  [37]. The angle brackets indicate the powder average, that is performed 

by integrating over the Euler angles (αCR, βCR, γCR) that define the orientation of the dipolar 

interaction. The coefficients C1,k and S1,k depend solely on the orientation of the k-th interaction and 

are defined as [27,69] 

( )( ) ( ) ( )
( ) ( ) ( )( ) ( ) ( )CRCRkPC,kkPC,

kkPC,CRk

ββ+βΓβ+

Γββ=C

cossin13cos2cossin3         

cos2sin2cos13
22

2
1,

−

−
  (3) 

( ) ( ) ( ) ( ) ( ) ( )( )CRkkPC,CRkkPC,k βΓββΓβ=S sin2sinsincossin2sin3 2
1, −   (4) 

where kPC,CRk γ+α=Γ . 

Fast motional processes lead to a dynamic averaging and apparent reduction of the heteronuclear 

dipole-dipole couplings [70]. Fast motional processes can be for instance a rapidly rotating NH3-

group of an amino acid, which may be approximated by an infinitely fast jump process with N 

steps. Under fast motion of the recoupled spins, the dipolarly dephased signal of a powder yields a 

very similar expression to eq. (1) [27], again modified to consider the magnitude of the scaling 

factor κ of the pulse sequence: 
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( ) | | ( )[ ]







−∑∏ CRkCRkkdip,

N

=j
eq

n

=k

D γSγCτνκπjp=
S

S
cossin3/2cos 1,1,

110

  (5) 

where the cosine's argument is now the weighted sum of N possible positions of the k-th recoupled 

spin. The probability of a certain position is given by ( )jpeq , where ( ) 1
1

=jp
N

=j
eq∑ . While jump fast 

jump processes can be considered by this approach relaxational processes are not considered. In this 

sense the presented formula describe a way to simulate “relaxation-free” REDOR curves. 

In order to generate REDOR curves, which for a given dipole-dipole coupling look the same 

regardless of which REDOR sequence was used, we use the universal dephasing time | |τκ=τuds , 

[15,18] where | |κ  is the magnitude of the pulse-sequence dependent scaling factor of the recoupled 

heteronuclear dipole-dipole coupling term. 

3.2 Statistical error analysis for homogeneous samples 

For a routine error analysis of experimental REDOR curves it is necessary to distinguish different 

sources of errors. Various systematic errors (relating to the accuracy) are discussed in section 4.4 

and estimates of the error margins for heterogeneous materials are suggested in section 3.3. In case 

of a homogeneous sample (this section) we suggest a simple statistical analysis based on error 

propagation which relates to the precision (but not the accuracy) of the points in the REDOR curve. 

Frequently, REDOR data are shown as the normalized difference between the reference signal S0, 

alias full echo signal, and the dephased echo signal SD. In order to avoid confusion with the error 

propagation treatment below, we define ( ) 0000 /1// SS=SSS=S∆S=R DD −− . In this formula 

∆S means the difference DSS −0 . 

Here we define a sample as being homogeneous, if its NMR peaks can be resolved and assigned to 

a specific site of its structure. For such cases, an error propagation [71] from the scatter of the 

experimental data points can be calculated. First, we fit the experimental data (0S  data) of the 

reference experiment with a decaying exponential function, then we approximate the standard 

deviation 0∆S  from the deviation of the experimental data points from the fitted curve. A statistical 

error ∆R of the normalized difference R can be approximated by error propagation: 

22

0
0










∂
∂










∂
∂

D
D

∆S
S

R
+∆S

S

R
=∆R   (6) 

where the ∆ in expressions (5) and (6) convey an error margin. Assuming the standard deviation 

for the dephasing experiment D∆S  is equal to the one of the reference experiment 0∆S , the 
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statistical error is given by: 
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3.3 Error analysis for heterogeneous samples 

It is possible that an NMR peak originates from spins that are located in different environments, but 

coincidentally feature the same chemical shift. This can be the case for amorphous materials or 

heterogeneous mixtures, for example as in the case of a nanoscale zinc phosphate [15] (Figure 2). 

REDOR simulations as described in section 3.1are only able to produce relaxation-free REDOR 

curves for such heterogeneous mixtures. Unlike the homogeneous case, the experimental, 

normalized intensity difference ( ) exp
0

expexp
0

exp
0

exp // SSS=S∆S D−  is no longer a good approximation 

for the relaxation-free REDOR curve, even when the experimental data are free of statistical errors 

and assuming that relaxational effects can be factorized in the same way for the ( )τSexp
0  and the 

( )τSexp
D  curves (silently assumed below): consider for example a signal of two components, where 

the main component A features a very short T2 value combined with a small heteronuclear dipole-

dipole coupling constant while the minor component B has a long T2 value combined with a big 

coupling constant. While the theoretically calculated REDOR curve would be a weighted 

superposition of the REDOR curves of the two components and thus looks similar to the curve of 

component A, the experimental curve plotted as the normalized intensity difference 

( ) exp
0

expexp
0

exp
0

exp // SSS=S∆S D−  would look like the one of component B once the signal of 

component A has vanished by relaxation. 

How can reliable error margins be estimated in this case? In the case of non-uniform relaxation over 

the sample we lose information about the cause/origin of the signal decay which is the difference 

between the full echo at 0s=τ  and the full echo at non-zero τ  values. To calculate the upper and 

lower margins for ( ) ( )τSτ∆S exp
0

exp / , we thus define ( )τSblind
exp  as the difference between the 

maximum intensity exp
maxS  at time 0s=τ  (dashed line in Figure 2) and the intensity of the fit curve 

( )τSexp
0  of the reference experiment at time τ (solid line in Figure 2). In simple cases the decay can 

be described with a decaying exponential with a single time constant. 

( ) ( )τSS=τS maxblind
exp
0

expexp −  (8) 

We distinguish two limiting cases with respect to a possible fast relaxing component which 

determines the REDOR behavior of exp
blindS , in order to estimate what the relaxation-free, ideal 
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REDOR curve ( ) truetrue
D

truetruetrue SSS=S∆S 000 // −  could look like in comparison to the experimental 

data: 

Case 1 (upper margin): The "blind" echo intensity ( )τSblind
exp  refers to spins in the sample which have 

very strong heteronuclear dipolar couplings. Thus the relaxation-free dephased ( )τStrue
D  and the 

relaxation-free full-echo intensity ( )τStrue
0  become 

( ) ( )τS=τS D
true
D

exp  (9) 

( ) ( ) ( )τS+τS=S=τS blindmax
true expexp

0
exp

0  (10) 

for moderately small τ  values. Consequently the maximum possible relaxation-free REDOR curve, 

i. e. the normalized difference ( ) ( )τSτ∆S truetrue
0/ , could be calculated from the experimental data as 

follows. 

( )
( )

( )
exp

expexp

0 max

Dmax
true

true

S

τSS
=

τS

τ∆S −
 (11) 

which represents the dotted line in the example in Figure 2. 

Case 2 (lower margin): The "blind" echo intensity ( )τSblind
exp  refers to spins in the sample which have 

no heteronuclear dipolar couplings and thus show no dephasing at all. Then the relaxation-free 

dephased ( )τStrue
D  and the relaxation-free full echo intensity ( )τStrue

0  becomes  

( ) ( ) ( ) ( ) ( )τSS+τS=τS+τS=τS maxDblindD
true
D

exp
0

expexpexpexp −  (12) 

( ) ( ) ( )τS+τS=S=τS blindmax
true expexp

0
exp

0 . (13) 

Consequently the minimum possible relaxation-free REDOR curve, i.e. the normalized difference 

( ) ( )τSτ∆S truetrue
0/ , can be calculated from the experimental data as  

( )
( )

( ) ( )
exp

expexp
0

0 max

D
true

true

S

τSτS
=

τS

τ∆S −
 (14) 

which is represented by the dashed dotted line in Figure 2. 

Clearly, the true relaxation-free REDOR curve should be somewhere between these two limiting 

cases. In our experience the error margins determined in this way are large whenever the full-echo 

signal shows a fast decay. 

  



4 Results and Discussion 

4.1 Validation by comparison to numerically exact calculations

Validation of the first order AHT expressions is necessary, if w

systems. Therefore, we calculated the REDOR curve of a 10

dipole-dipole interactions according to

exact simulation of the REDOR experime

refers to a small section of the crystal structure of fluorapatite

Figure 2: 31P{1H}-C-REDOR curve of a nanoscale zinc phosphate [15] as an example for the error 
analysis of heterogeneous samples; experimental data (open squares) and upper (dotted, eq. 11) 
and lower (dashed dotted line, eq. 14) error 
data ( ( )τSexp

0  data, solid gray line) and the maximum signal 

(dashed line) share the normalized axis on the right; hatching marks 
relaxation-free REDOR curve can be found.

Figure 3: 19F{31P}-REDOR curve of a 10 spin system for the validation of 
expression; open circles refer to a simulation using a numerically exact calculation of the spin
dynamics (SIMPSON) for a single orientation and the solid line was obtained by eq. 2; the inset 
shows the chosen spin system, a section fro
phosphorus and the black atom fluorine; dipole
(heteronuclear) and white (homonuclear) sticks.

-11- 

Validation by comparison to numerically exact calculations 

Validation of the first order AHT expressions is necessary, if we want to simulate large spin 

systems. Therefore, we calculated the REDOR curve of a 10-spin system free of homonuclear 

dipole interactions according to eq. 2 and compared it with a fully converged, numerically 

exact simulation of the REDOR experiment of the same spin system (Figure 3). The calculation 

refers to a small section of the crystal structure of fluorapatite [53], where one fluorine atom is 

 

REDOR curve of a nanoscale zinc phosphate [15] as an example for the error 
analysis of heterogeneous samples; experimental data (open squares) and upper (dotted, eq. 11) 
and lower (dashed dotted line, eq. 14) error margins share the axis on the left; the fitted full echo 

data, solid gray line) and the maximum signal exp
maxS  extrapolated to time point 0

(dashed line) share the normalized axis on the right; hatching marks the region where the true 
free REDOR curve can be found. 

 

REDOR curve of a 10 spin system for the validation of 
expression; open circles refer to a simulation using a numerically exact calculation of the spin
dynamics (SIMPSON) for a single orientation and the solid line was obtained by eq. 2; the inset 
shows the chosen spin system, a section from fluorapatite's crystal structure; white atoms represent 
phosphorus and the black atom fluorine; dipole-dipole interactions are shown as black 
(heteronuclear) and white (homonuclear) sticks. 

e want to simulate large spin 

spin system free of homonuclear 

and compared it with a fully converged, numerically 

nt of the same spin system (Figure 3). The calculation 

, where one fluorine atom is 

REDOR curve of a nanoscale zinc phosphate [15] as an example for the error 
analysis of heterogeneous samples; experimental data (open squares) and upper (dotted, eq. 11) 

margins share the axis on the left; the fitted full echo 
extrapolated to time point 0 ms 

the region where the true 

REDOR curve of a 10 spin system for the validation of the first order AHT 
expression; open circles refer to a simulation using a numerically exact calculation of the spin-
dynamics (SIMPSON) for a single orientation and the solid line was obtained by eq. 2; the inset 

m fluorapatite's crystal structure; white atoms represent 
dipole interactions are shown as black 



surrounded by nine phosphorus atoms. An illustration of the spin system with its dipole

interactions is also depicted. We conclude that simple analytical first order AHT expressions are 

sufficient for the calculation of REDOR curves of bigger spin systems, which is in line with a 

previous study [72], which investigated the effect of “dipolar trunca

pure heteronuclear Hamiltonian. 

4.2 Convergence of large spin systems with respect to the number of Euler angle triplets

The dephased curves ( )τSD  of spin systems have the more zero

system is (eq. 2). It is thus not a priori clear how the convergence of a C

( ) ( ) ( )τSτ∆S=τR 0/  with respect to the powder average depends on the number of recoupled spins 

in the spin system. In case an increase of 

number of orientations powdern  of crystals in the powder averaging scheme to achieve convergence, 

the calculation of converged large spin systems could be prohibitive.

We define that the calculation of a C

deviation r (eq. 1) of two C-REDOR curves calculated with an increasing number of Euler angle 

triplets powdern  remains below a chos

triplets powdern  for reasons of convenience were taken from lists of existing angle sets (Zaremba

Conroy-Wolfsburg (ZCW) scheme

Lebedev scheme [46] {84,600,198∈powdern

scheme. 

19F{31P} C-REDOR curves with different number of recoupled spins 

which were set up from sections of the crystal structure of apatite and a constant 

Figure 4: Number of Euler angle triplets 
converged 19F{31P}-C-REDOR curves of fluorapatite as a function of the number n of recoupled 
spins (convergence criterion: <σ
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surrounded by nine phosphorus atoms. An illustration of the spin system with its dipole

ctions is also depicted. We conclude that simple analytical first order AHT expressions are 

sufficient for the calculation of REDOR curves of bigger spin systems, which is in line with a 

, which investigated the effect of “dipolar truncation” on REDOR curves for a 

 

Convergence of large spin systems with respect to the number of Euler angle triplets

of spin systems have the more zero-crossings the bigger the spin 

tem is (eq. 2). It is thus not a priori clear how the convergence of a C

with respect to the powder average depends on the number of recoupled spins 

in the spin system. In case an increase of n would be accompanied by a 

of crystals in the powder averaging scheme to achieve convergence, 

the calculation of converged large spin systems could be prohibitive. 

We define that the calculation of a C-REDOR curve ( )τR  is converged if the root mean square 

REDOR curves calculated with an increasing number of Euler angle 

remains below a chosen convergence criterion σ . The numbers of Euler angle 

for reasons of convenience were taken from lists of existing angle sets (Zaremba

Wolfsburg (ZCW) scheme [47-49] { ,200,300,550,100,144∈powdern

}7800,15624,240,4656,90684,600,198 ) in the chosen powder angle 

REDOR curves with different number of recoupled spins n were calculated (Figure 4) 

which were set up from sections of the crystal structure of apatite and a constant 

 

Euler angle triplets npowder  (ZCW scheme) necessary for the calculation of 
REDOR curves of fluorapatite as a function of the number n of recoupled 

310−< ). 

surrounded by nine phosphorus atoms. An illustration of the spin system with its dipole-dipole 

ctions is also depicted. We conclude that simple analytical first order AHT expressions are 

sufficient for the calculation of REDOR curves of bigger spin systems, which is in line with a 

tion” on REDOR curves for a 

Convergence of large spin systems with respect to the number of Euler angle triplets 

crossings the bigger the spin 

tem is (eq. 2). It is thus not a priori clear how the convergence of a C-REDOR curve 

with respect to the powder average depends on the number of recoupled spins n 

need for an increased 

of crystals in the powder averaging scheme to achieve convergence, 

is converged if the root mean square 

REDOR curves calculated with an increasing number of Euler angle 

. The numbers of Euler angle 

for reasons of convenience were taken from lists of existing angle sets (Zaremba-

}22,604438,1154,37,200,300,5 , 

) in the chosen powder angle 

were calculated (Figure 4) 

which were set up from sections of the crystal structure of apatite and a constant convergence 

(ZCW scheme) necessary for the calculation of 
REDOR curves of fluorapatite as a function of the number n of recoupled 



-13- 

criterion 310−<σ . The necessary number of Euler angle triplets powdern  to achieve convergence as a 

function of the number of recoupled spins n starts at higher values and then steadily decreases so 

that in fact the calculation of converged C-REDOR curves of bigger spin systems requires fewer 

Euler angle triplets than that of very small spin systems. This dependence enables the calculation of 

converged C-REDOR curves of multiple-spin systems. The powder angle scheme based on the 

method by Zaremba [47], Conroy [48], and Wolfsberg [49] usually needed a smaller powdern  to 

reach convergence in this context than the schemes based on the Lebedev [46,73-75] method, 

except for 1=n . 



4.3 C-REDOR analysis on crystalline model compounds

The crystalline model compounds were chosen as examples of abundant multi

the relevant NMR-active isotopes have close to or exactly 100% natural abundance. The crystal 

structures of the measured compounds are illustrated in Figure 5. The samples were chosen to 

reflect typical cases including static and dynamic spin systems, where the word "dynamic" refers to 

motional processes in solid matter, as for example rotations of methyl functions.

4.3.1 C-REDOR curves of static spin systems

In this section we validate calculated against experimental C

K3(PO2NH)3 and KH2PO4. These have spin systems where fast motional processes can be neglected 

which refers for example to significant librational motion and jump dynamics. 

19F{31P}-C-REDOR of Ca5(PO4)3

In the structure of fluorapatite (Figure 5a) “stacked” PO

be found. The P- and F-atoms occupy each one crystallographic orbit. A natural question to ask is 

how big the section of a crystal has to become to calculate a C

of the infinite crystal lattice. Figure 6 depicts simulated 

Figure 5: Crystal structures of the different reference compounds used in this article, to illustrate 
the spin-systems, rotational degrees of freedom and packing in the crystal structure: a) Ca
(tetrahedrons correspond to PO4

L-alanine and f) L-histidine·HCl·H
amino acids are pointed out by an arrow.
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analysis on crystalline model compounds 

The crystalline model compounds were chosen as examples of abundant multi

active isotopes have close to or exactly 100% natural abundance. The crystal 

ompounds are illustrated in Figure 5. The samples were chosen to 

reflect typical cases including static and dynamic spin systems, where the word "dynamic" refers to 

motional processes in solid matter, as for example rotations of methyl functions.

urves of static spin systems 

on we validate calculated against experimental C-REDOR curves of Ca

. These have spin systems where fast motional processes can be neglected 

which refers for example to significant librational motion and jump dynamics. 

3F 

In the structure of fluorapatite (Figure 5a) “stacked” PO4
--tetrahedra and lines of fluoride ions can 

atoms occupy each one crystallographic orbit. A natural question to ask is 

l has to become to calculate a C-REDOR curve which is close to that 

of the infinite crystal lattice. Figure 6 depicts simulated 19F{31P}-C-REDOR curves of spin systems 

: Crystal structures of the different reference compounds used in this article, to illustrate 
systems, rotational degrees of freedom and packing in the crystal structure: a) Ca

4
3-, circles to F- ions), b) KH2PO4, c) K3(PO

histidine·HCl·H2O; cations are not depicted; rotating groups in the zwitterionic 
amino acids are pointed out by an arrow. 

The crystalline model compounds were chosen as examples of abundant multi-spin systems, since 

active isotopes have close to or exactly 100% natural abundance. The crystal 

ompounds are illustrated in Figure 5. The samples were chosen to 

reflect typical cases including static and dynamic spin systems, where the word "dynamic" refers to 

motional processes in solid matter, as for example rotations of methyl functions. 

REDOR curves of Ca5(PO4)3F, 

. These have spin systems where fast motional processes can be neglected 

which refers for example to significant librational motion and jump dynamics.  

tetrahedra and lines of fluoride ions can 

atoms occupy each one crystallographic orbit. A natural question to ask is 

REDOR curve which is close to that 

REDOR curves of spin systems 

: Crystal structures of the different reference compounds used in this article, to illustrate 
systems, rotational degrees of freedom and packing in the crystal structure: a) Ca5(PO4)3F 

(PO2NH)3, d) glycine, e) 
O; cations are not depicted; rotating groups in the zwitterionic 



of different size and experimental data. Good agreement can be seen between experiment a

simulation for the largest spin system (

clearly far from convergence with a 

reflects the first coordination sphere around the fluoride ion, consisting of three phosphorus atoms 

that are arranged in form of an equidistant coordination triangle. The 13

(n = 12) is already closer to convergence with 

surrounding the fluoride ion within a radius of 6

account (not shown) eventually leads to a converged C

at the order of 80 spins with a r

the experimental data as reference but when we approximate the infinite spin system of an ideal

crystal with a very large spin system (

couplings as small as 0.01Hz−≈dipν

reached at about 150 spins (10<r

systems is required even for rather simple cases as for fluorapatite.
31P{1H}-C-REDOR of K3(PO2NH)

The crystal structure of K3(PO2NH)

linked by hydrogen bonds and stacked on one another forming columns. The P

occupy each one crystallographic orbit. The quantum chemically refined structure (see experimental 

part and CIF in Supp. Info.) was used to set up a big spin system (

and simulation (Figure 7) of 31P{

 

Figure 6: Experimental and simulated 
is represented by open squares, the lines represent fully converged simulations for spin systems of 
different sizes (n number of recoupled nuclei): n = 3 (dashed line, 

0.032=r ) and n = 22147 (solid line, 
frequency rν =20 kHz. 
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of different size and experimental data. Good agreement can be seen between experiment a

simulation for the largest spin system ( 22147=n ). The calculation of a 4-spin system (

clearly far from convergence with a 0.176=r  between experimental and simulated data sets. It 

reflects the first coordination sphere around the fluoride ion, consisting of three phosphorus atoms 

that are arranged in form of an equidistant coordination triangle. The 13-spin system simulation 

is already closer to convergence with 0.032=r . It comprises all phosphorus atoms 

surrounding the fluoride ion within a radius of 6 Å. Increasing the number of spins taken into 

) eventually leads to a converged C-REDOR curve, which is reached in this case 

0.020=r  ( 310−<σ ). A similar result is obtained if we do not take 

the experimental data as reference but when we approximate the infinite spin system of an ideal

crystal with a very large spin system ( 22147=n ) which accounts for heteronuclear dipole

0.01Hz). With this noise-free data set as reference, convergence is 

310− , not shown). We conclude that the calculation of large 

systems is required even for rather simple cases as for fluorapatite. 

NH)3 

NH)3 is depicted in Figure 5b. Two trimetaphosphimate rings are 

linked by hydrogen bonds and stacked on one another forming columns. The P

occupy each one crystallographic orbit. The quantum chemically refined structure (see experimental 

CIF in Supp. Info.) was used to set up a big spin system ( 10692=n

P{1H}-C-REDOR curves are in good agreement (

 

: Experimental and simulated 19F{31P}-C-REDOR data of fluorapatite; experimental data 
is represented by open squares, the lines represent fully converged simulations for spin systems of 
different sizes (n number of recoupled nuclei): n = 3 (dashed line, 0.176=r

) and n = 22147 (solid line, 0.019=r ); data was measured at a sample spinning 

of different size and experimental data. Good agreement can be seen between experiment and 

spin system (n = 3) is 

between experimental and simulated data sets. It 

reflects the first coordination sphere around the fluoride ion, consisting of three phosphorus atoms 

spin system simulation 

. It comprises all phosphorus atoms 

Å. Increasing the number of spins taken into 

e, which is reached in this case 

). A similar result is obtained if we do not take 

the experimental data as reference but when we approximate the infinite spin system of an ideal 

) which accounts for heteronuclear dipole-

free data set as reference, convergence is 

). We conclude that the calculation of large spin-

is depicted in Figure 5b. Two trimetaphosphimate rings are 

linked by hydrogen bonds and stacked on one another forming columns. The P- and H-atoms 

occupy each one crystallographic orbit. The quantum chemically refined structure (see experimental 

10692). Again experiment 

REDOR curves are in good agreement (0.025=r ). 

REDOR data of fluorapatite; experimental data 
is represented by open squares, the lines represent fully converged simulations for spin systems of 

0.176), n = 12 (dotted line, 
); data was measured at a sample spinning 



1H{ 31P}-C-REDOR of KH2PO4 

Figure 5c shows the crystal structure of KH

connected to other tetrahedra by a bridging hydrogen atom. The P

crystallographic orbit. The simulation accounted for 

fair agreement with experimental data (Figure 8).

Overall, the reasonably good agreement between the previous three experiments and simulations 

confirms that C-REDOR curves can be calculated in the approximation described by eq. 2 and that 

consideration of a bigger number of sp

to complete dephasing. However we do observe small but significant deviations outside the 

statistical limits which will be discussed below in section

Figure 7: Experimental and simulated 
trimetaphosphimate K3(PO2NH)3
bars calculated using the derived expression for a homogeneous sample; 
the fully converged simulation (n

Figure 8: Experimental 1H{31P}
potassium dihydrogen phosphate; experimental data is represented by crosses along with error 
bars calculated using the derived expression for a homogeneous sample; the solid line represents 
the fully converged simulation (n
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Figure 5c shows the crystal structure of KH2PO4, where all corners of a PO

connected to other tetrahedra by a bridging hydrogen atom. The P- and H-atoms each occupy one 

crystallographic orbit. The simulation accounted for 5610=n  spins and with (

perimental data (Figure 8). 

Overall, the reasonably good agreement between the previous three experiments and simulations 

REDOR curves can be calculated in the approximation described by eq. 2 and that 

consideration of a bigger number of spins is necessary to predict the C-REDOR curve from zero up 

to complete dephasing. However we do observe small but significant deviations outside the 

l be discussed below in section 4.4. 

 

: Experimental and simulated 31P{1H}-C-REDOR curves ( 0.025=r
3; experimental data is represented by crosses along with error 

bars calculated using the derived expression for a homogeneous sample; the solid line represents 
10692=n ); data was measured at rν =50 kHz.

 

P}-C-REDOR and simulated 1H{31P}-REDOR data (
potassium dihydrogen phosphate; experimental data is represented by crosses along with error 
bars calculated using the derived expression for a homogeneous sample; the solid line represents 

5610=n ); data was measured at rν =50 kHz.

, where all corners of a PO4
--tetrahedra are 

atoms each occupy one 

spins and with ( 0.037=r ) shows a 

Overall, the reasonably good agreement between the previous three experiments and simulations 

REDOR curves can be calculated in the approximation described by eq. 2 and that 

REDOR curve from zero up 

to complete dephasing. However we do observe small but significant deviations outside the 

0.025) of tripotassium 
; experimental data is represented by crosses along with error 

the solid line represents 
kHz. 

REDOR data ( 0.037=r ) of 
potassium dihydrogen phosphate; experimental data is represented by crosses along with error 
bars calculated using the derived expression for a homogeneous sample; the solid line represents 

=50 kHz. 



4.3.2 REDOR curves of dynamic spin systems

Glycine, L-alanine and L-histidine in L

zwitterions in their crystalline states (Figure 5

rotate at high frequencies as compared to the NMR time scale

the fast motional regime was calculated by taking into account the fast rotation of the NH

(in L-alanine also CH3-group) according to eq. 4. Corresponding C

dashed curves in the following figures. The solid curves simulate a low temperature case, where 

such rotations are frozen. 
13C{1H}-C-REDOR of glycine and L
13C{1H}-C-REDOR curves were obtained for the carboxyl group in glycine and L

(Figure 9) and the CH3-group in L

functions in L-alanine and glycine, respectively, were not considered because

dipole couplings between 1H and 

of the echo signal with too few points on the C

simulated curves. Qualitatively all experim

process than expected from the static crystal structure. Better agreement between experiment and 

simulation can be reached when jump dynamics are incorporated into the simulations, which 

describe the rotation of the NH3 

In the case of the carboxyl group in glycine we calculated between experimental and simulation 

data sets 0.092=r  when accounting for dynamics and 

the carboxyl group in L-alanine we calculated 

Figure 9: Experimental and simulated 
L-alanine (left) and glycine (right); experimental data is represented by crosses along with error 
bars calculated using the derived expression for a homogeneous sample; fully con
simulation ( 2165=n  for glycine and 
consideration of dynamics (dashed); data was measured at 
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REDOR curves of dynamic spin systems 

histidine in L-histidine hydrochloride monohydrate are found as 

zwitterions in their crystalline states (Figure 5). Under normal conditions NH

rotate at high frequencies as compared to the NMR time scale []76. The effect of jump dynamics in 

the fast motional regime was calculated by taking into account the fast rotation of the NH

group) according to eq. 4. Corresponding C-REDOR curves are drawn as 

dashed curves in the following figures. The solid curves simulate a low temperature case, where 

REDOR of glycine and L-alanine 

REDOR curves were obtained for the carboxyl group in glycine and L

group in L-alanine (Figure 10). C-REDOR curves of the 

alanine and glycine, respectively, were not considered because

H and 13C in these groups and - correspondingly - a very rapid dephasing 

of the echo signal with too few points on the C-REDOR time scale for meaningful comparison with 

simulated curves. Qualitatively all experimental C-REDOR curves exhibit a much slower dephasing 

process than expected from the static crystal structure. Better agreement between experiment and 

simulation can be reached when jump dynamics are incorporated into the simulations, which 

 and the CH3 group around the C-N and the C

In the case of the carboxyl group in glycine we calculated between experimental and simulation 

when accounting for dynamics and 0.114=r  for the static case (Figure

alanine we calculated 0.252=r  when comparing experimental data and a 

: Experimental and simulated 13C{1H}-C-REDOR data from the carboxyl group in 
alanine (left) and glycine (right); experimental data is represented by crosses along with error 

bars calculated using the derived expression for a homogeneous sample; fully con
for glycine and 2405=n  for L-alanine) of static case (solid) and under 

consideration of dynamics (dashed); data was measured at rν =50 kHz. 

histidine hydrochloride monohydrate are found as 

). Under normal conditions NH3- and CH3-groups 

. The effect of jump dynamics in 

the fast motional regime was calculated by taking into account the fast rotation of the NH3-groups 

REDOR curves are drawn as 

dashed curves in the following figures. The solid curves simulate a low temperature case, where 

REDOR curves were obtained for the carboxyl group in glycine and L-alanine 

REDOR curves of the -CH2- and -CH- 

alanine and glycine, respectively, were not considered because of strong dipole-

a very rapid dephasing 

REDOR time scale for meaningful comparison with 

REDOR curves exhibit a much slower dephasing 

process than expected from the static crystal structure. Better agreement between experiment and 

simulation can be reached when jump dynamics are incorporated into the simulations, which 

N and the C-C axis, respectively. 

In the case of the carboxyl group in glycine we calculated between experimental and simulation 

for the static case (Figure 9). For 

when comparing experimental data and a 

REDOR data from the carboxyl group in 
alanine (left) and glycine (right); experimental data is represented by crosses along with error 

bars calculated using the derived expression for a homogeneous sample; fully converged 
alanine) of static case (solid) and under 



simulation with dynamics and =r

expected the C-REDOR curve of the CH

correction (static: 0.332=r  and dynamic: 
1H couplings which refer to static functional groups are bigger for the carboxyl function than for the 

CH3 function in L-alanine which performs rapid rotational motion at room temperature. However 

the experimental curves (Figure 9

the complete REDOR curve. 
15N{ 1H}-C-REDOR of glycine and L

The N-atoms in the zwitterionic crystal structures of glycine and L

As in the case of the CH3 function in L

temperature and thus the respective C

dynamically corrected simulation (

shapes of the C-REDOR curve are well described over t

dephasing of experimental data can be observed. Possible sources for these deviations will be 

discussed below. 

Figure 10: Experimental and simulated 
experimental data is represented by crosses along with error bars c
expression for a homogeneous sample; fully converged simulation (
and under consideration of dynamics (dotted); data was measured at 
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0.332=  when comparing experiment with the static simulation. As 

REDOR curve of the CH3 function in L-alanine is far more sensitive to this dynamic 

and dynamic: 0.104=r ) (Figure 10). The relative contribution of 

H couplings which refer to static functional groups are bigger for the carboxyl function than for the 

alanine which performs rapid rotational motion at room temperature. However 

9 and 10) still show a slower dephasing than calculated for almost 

REDOR of glycine and L-alanine 

atoms in the zwitterionic crystal structures of glycine and L-alanine belong to NH

function in L-alanine, their rotation is thermally activated at room 

and thus the respective C-REDOR curves (Figure 11) are better described with the 

dynamically corrected simulation ( 0.175=r ) than with the static description (

REDOR curve are well described over the complete time scale, while again faster 

dephasing of experimental data can be observed. Possible sources for these deviations will be 

 

: Experimental and simulated 13C{1H}-C-REDOR data from the CH
experimental data is represented by crosses along with error bars calculated using the derived 
expression for a homogeneous sample; fully converged simulation ( 2405=n
and under consideration of dynamics (dotted); data was measured at rν =50 kHz.

when comparing experiment with the static simulation. As 

alanine is far more sensitive to this dynamic 

ative contribution of 13C-

H couplings which refer to static functional groups are bigger for the carboxyl function than for the 

alanine which performs rapid rotational motion at room temperature. However 

and 10) still show a slower dephasing than calculated for almost 

alanine belong to NH3 functions. 

alanine, their rotation is thermally activated at room 

REDOR curves (Figure 11) are better described with the 

) than with the static description ( 0.612=r ). The 

he complete time scale, while again faster 

dephasing of experimental data can be observed. Possible sources for these deviations will be 

REDOR data from the CH3-group in L-alanine; 
alculated using the derived 
2405) of static case (solid) 

kHz. 



 
13C{1H}-C-REDOR of L-histidine hydrochloride monohydrate

From literature [77] we obtained a S

Even though the data were obtained with a different REDOR sequence

simulated data in the described simulation framework on the universal dephasing scale 

straight forward. The S-REDOR experiment is analogous to C

ν

nCN -elements in order to suppress unwanted terms, for instance the dipole

interaction between spins of the I

Figure 11: Experimental and simulated 
(right); experimental data is represented by crosses along with error bars calculated using the 
derived expression for a homogeneous sample; fully converged simulation (
and 1461=n  for L-alanine) of static case (solid) and under consideration of dynamics (dashed); 
data was measured at rν =50 kHz (glycine) and 

Figure 12: Experimental and simulated 
hydrochloride monohydrate; experimental data is represented by crosses; fully converged 
simulation ( 1712=n ) of static case (so
was measured at rν =65 kHz. 
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histidine hydrochloride monohydrate 

we obtained a S-REDOR curve for the Cα function in L

Even though the data were obtained with a different REDOR sequence [77]

simulated data in the described simulation framework on the universal dephasing scale 

REDOR experiment is analogous to C-REDOR but uses 

elements in order to suppress unwanted terms, for instance the dipole

interaction between spins of the I-channel. Here we calculated between experimental and simulation 

: Experimental and simulated 15N{1H}-C-REDOR data of L-alanine 
(right); experimental data is represented by crosses along with error bars calculated using the 
derived expression for a homogeneous sample; fully converged simulation (

alanine) of static case (solid) and under consideration of dynamics (dashed); 
kHz (glycine) and rν =40 kHz (L-alanine).  

 

: Experimental and simulated 13C{1H}-S-REDOR [77] data from C
hydrochloride monohydrate; experimental data is represented by crosses; fully converged 

) of static case (solid) and under consideration of dynamics (dashed); data 

function in L-histidine (Figure 12). 

[77] a comparison with 

simulated data in the described simulation framework on the universal dephasing scale udsτ  is 

REDOR but uses ν

nRN - instead of 

elements in order to suppress unwanted terms, for instance the dipole-dipole homonuclear 

calculated between experimental and simulation 

alanine (left) and glycine 
(right); experimental data is represented by crosses along with error bars calculated using the 
derived expression for a homogeneous sample; fully converged simulation ( 2165=n  for glycine 

alanine) of static case (solid) and under consideration of dynamics (dashed); 

REDOR [77] data from Cα in L-histidine 
hydrochloride monohydrate; experimental data is represented by crosses; fully converged 

lid) and under consideration of dynamics (dashed); data 
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data sets 0.057=r  when accounting for dynamics. 

We conclude that disregarding motion is usually not justifiable for the calculation of REDOR 

curves of dynamic spin systems. In the case of L-histidine hydrochloride monohydrate the REDOR 

curve is dominated by the strong 13Cα-
1H dipole-dipole coupling, so that the dynamics of the 

rotating NH3-group play only a minor role. All other cases presented in this section showed an 

improved REDOR curve when dynamics were considered in the calculations, especially those 

relating to atoms within a rotating group (NH3, CH3). Despite the improvements when including 

dynamics, still more pronounced deviations were observed as compared to the curves of static 

systems. 

4.4 Error discussion of REDOR curves 

From the model study on crystalline compounds it becomes clear that despite the high-quality of the 

experimental data still significant deviations from the simulated curves are observed. In the 

following we want to discuss possible sources of errors which would have to be eliminated to reach 

still a better agreement between experiment and theory. 

4.4.1 Statistical errors 

For a statistical error analysis we differentiated between homogeneous and heterogeneous samples 

depending on whether there is a signal overlap on the spectrum or not. By assuming the same 

standard deviation for dephasing and reference experiments a propagation of the statistical error due 

to the noise in the spectrum can be calculated for the homogeneous case which applies to all 

samples in this contribution. For most of the presented experimental data the statistical error is so 

small, that the error bars can hardly be distinguished from data points in the figures. Clearly, noise 

does not explain the observed deviations. 

4.4.2 Radio-frequency (rf) inhomogeneity, isotropic chemical shift, chemical shift anisotropy 

and anisotropic J-coupling 

In order to investigate the effects of different interactions with numerically exact calculations, we 

chose the case of fluorapatite. We simulated 2-spin 19F{31P}-C-REDOR curves using an effective 

dipole-dipole coupling constant [78] effν  = -2063.87 Hz at rotν  = 20 kHz with varying parameters 

(see below). 

Radio-frequency inhomogeneity is a direct consequence of the sample coil's geometry and signal 

amplitude errors can be of the order of 10% [79-81]. Even though radio-frequency inhomogeneity is 

suppressed to first order AHT in the C-REDOR experiment, its effects may still present due to 

higher order terms2. For this reason, we simulated C-REDOR curves where rf fields were 
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intentionally set to wrong values (Figure S3 in Supp. Info.). Close to the ideal pulse-nutation-

frequency C-REDOR curves of two-spin systems change as if the dipole-dipole coupling is varied 

almost linearly. Hence nutation frequency errors can be treated as statistical errors including error 

propagation. A nutation frequency being too big by 3% leads to a too small dipole-dipole couplings 

constant by 4.8%. An error of of +5% leads to 0.059=r  between simulations with the intended and 

wrong rf field. This factor can explain small deviations in the experiment. 

The POST element compensates for the symmetry-allowed isotropic chemical shifts in the 

C-REDOR experiment. We calculated r values between simulations with zero isotropic chemical 

shift and different offsets (Figure S4 in Supp. Info.). For a deviation of the same order as between 

experiment and converged simulation ( 0.019=r , see section 4.3.1) one would need an offset of 

around 5 kHz ( 0.016=r ) on the recoupled channel, while an offset of 20 kHz would generate an r 

value about one order of magnitude higher ( 0.210=r ). Based on that and calculations at different 

rν  values (not shown) we conclude that offsets of the order of the sample spinning frequency rν  

should be avoided, while offsets about 1/4 of the size of rν  should not be problematic. 

A similar dependency is found for the dependency of C-REDOR curves on the chemical shift 

anisotropy anisoδ  of the recoupled I-spins (Figure S5 in Supp. Info.). Calculated r values between 

simulations with zero and varying anisoδ -values serve as a measure for the strength of the 

dependency. Because the chemical shift scales with the external magnetic field it needs to be 

converted to frequency units for a fair comparison. While chemical shift anisotropies of refaniso νδ ⋅  

of 6 kHz correspond to small deviations ( 0.021=r , compare section 4.3.1) already values for 

refaniso νδ ⋅  of 16 kHz yield significant deviations ( 0.171=r ). Clearly, the dependence is less 

straight forward because it also depends on the relative orientations of the dipole-dipole interaction 

and the chemical shift tensor. However, simulations with random relative orientations between these 

interactions showed only an unsubstantial error ( 0.01≈r  for refaniso νδ ⋅  = 6 kHz), that became more 

important at higher values ( 0.03≈r  for refaniso νδ ⋅  = 16 kHz). Still as a rule of thumb, values which 

amount to about 1/4 of the sample spinning frequency rν  lead to tolerably small errors. 

In the case of fluorapatite both the anisoδ -values of 31P and 19F are known ( ( ) 11.5ppmP
31 =δaniso  [37], 

( ) 56ppmF
19 =δaniso  [82]). Converted to frequency units it is obvious why 31P{19F}-C-REDOR 

experiments (not shown) in a field of 11.74 T show big deviations ( 0.46=r , 50kHz=νr ) from the 

theoretical relaxation free C-REDOR curve while 19F{31P}-C-REDOR experiments ( 0.019=r , 

20kHz=νr , section 4.3.1) show almost perfect agreement. The values of ( )H
1

anisoδ  are around 

10 ppm in glycine83,84 and we assume similar or lower values for L-alanine with its additional CH3 
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group [85], so that they shouldn't have any relevant influence under the chosen experimental 

conditions. 

The anisotropic J-coupling anisoJ  transforms as a second rank tensor with similar rotational 

properties as the through-space dipole-dipole coupling tensor. For that reason, the measurement of 

the dipole-dipole interactions with C-REDOR is always afflicted with a certain error, depending on 

the size of anisoJ . Fortunately, values for )H,C( 1131
anisoJ  and )H,N( 1151

anisoJ  [86] are usually small 

(<65 Hz) as compared to the dipole-dipole coupling constants. For this reason it may often be 

neglected as for the C-REDOR curves of the amino acids measured in this work. The one-bond 

isotropic J-couplings )H,C( 1131
isoJ  and )H,N( 1151

isoJ  are usually of the order of 150 Hz [87,88]. 

Simulations of C-REDOR curves taking these interactions into account showed nearly no 

deviations as compared to simulations where they were neglected ( 510−≈r ). About 50 Hz [87] is 

the isotropic J-coupling )C,C( 13131
isoJ  between two 13C nuclei as in isotopically labelled glycine. 

Such small values as compared to the size of the effective dipole-dipole coupling constant effν  can 

hardly cause any change of calculated C-REDOR curves. Taking )C,C( 13131
isoJ  = 50 Hz into 

consideration in the simulation of a 3-spin system as in glycine (13C2-
1H; effCH,ν  = 6.4 kHz) induces 

a deviation of 0.002=r . 

4.4.3 Hardware 

Do pulse transients affect the performance of C-REDOR experiments? The transient-adapted 

POST-C7 sequence [89], for instance, has been shown to improve the transient-vulnerable POST-C7 

sequence which uses the same C-element in a common commercial probe head. In order to 

investigate whether amplitude and phase transients of pulses influence the 1
xCXPOST−  sequence, 

we estimated the quality-factor Q of our 1.3 mm probe head by measuring the transmission 

coefficient with a pickup coil near the sample coil. Probe heads with a high value of Q deliver a 

better signal-to-noise ratio at the cost of a slower recovery time of the tank circuit. Based on the 

approach used in [89] we then simulated a 2-spin system in the case of glycine with an effective 

dipole-dipole coupling constant effν  of -6.4 kHz and refaniso νδ ⋅  of 2.5 kHz. The recovery time 

constant τR, which is directly proportional to Q was set to 0.5 µs, the offset-frequency πωeoff 2/  to 

500 kHz and the integration time step to 20 ns. Calculations taking even higher values of τR into 

account than measured featured only negligible deviations. We can therefore rule out pulse-phase 

and amplitude transients as a source of the observed deviations. 

The C-REDOR sequence demands a constant irradiation of one of the channels. High nutation 

frequencies are necessary at high spinning speeds over a relatively long time period, which in case 
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of our 1.3 mm MAS probe are applied through a solenoid coil with small wire diameter. For this 

reason, we investigated the stability of the probe head by comparing the amplitude of long pulses at 

the beginning and at their ends (up to 50 ms) at a 1H nutation frequency of 100 kHz. No significant 

instability nor power droop could be observed (< 1%), which excludes this factor as a possible error 

source. 

4.4.4 Rotor synchronization 

Rotor synchronization is desirable in experiments using symmetry-based sequences, because the π 

pulses can only refocus unwanted contributions to the Hamiltonian if these contributions cause 

exactly the same evolution before and after the π pulse. In REDOR like experiments this factor 

becomes more important the higher the sample spinning frequencies are, due to the finite length of 

the refocussing π pulse. A remedy to this problem may be using windowed sequences [44,90], given 

the free evolution of the spin system doesn't cause extra complications by non-commuting terms for 

example by strong homonuclear dipolar interactions. By breaking the internal symmetry of a basic 

element the scaling factor for the homonuclear dipole-dipole interaction can become a non-zero 

value. This means, the undesired homonuclear dipole-dipole interaction is reintroduced, as noticed 

by the ad hoc shortening of all pulse elements in a single C-cycle [43]. Similar to the approach used 

for SC14 [45], we achieve rotor synchronization at high sample spinning frequencies (> 40 kHz) by 

integrating the π pulse into the last part of the neighboring C-element (Figure 1). By affecting 

merely one pulse under the many pulses needed to select and suppress the desired interactions 

homonuclear effects should be of minor concern. 

Sample spinning instabilities lead to pulse sequence asynchrony and can compromise the recoupling 

scheme especially at higher evolution times, where a complete dephasing may not be observed. 

Simulations of a 3-spin system based on the CH2 fragment of glycine showed 0.004=r  between 

data sets recorded with the nominal sample frequency (50 kHz) and a deviation of 10 Hz. Therefore, 

we conclude small sample spinning instabilities do not affect the experiment substantially in the 

studied cases. 

4.4.5 Homonuclear interactions 

The effect of the homonuclear dipole-dipole interaction on C-REDOR curves was investigated for a 

5-spin system (Figure S2 in Supp. Info.) 13C1-
1H4 oriented on the molecular structure of glycine, i.e. 

the 13Ccarboxyl-
1H2,CH2-

1H2,NH3 which features strong 1H-1H dipole-dipole couplings of approximately 

-22 kHz. We calculated several data sets, namely 13C{1H}-C-REDOR both with zero and full 1H 

homonuclear dipole-dipole couplings which show only a minor increase of the r-value ( 0.017=r ). 

We conclude C-REDOR can effectively suppress homonuclear dipolar interactions under this 
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conditions, so that they do not act significantly on the experiment. 

4.4.6 Scaling factor and relaxation 

The good agreement between experiment and simulation for the C-REDOR curves of the static spin 

systems and the finding of deviations for dynamic spin systems outside the statistical limits of the 

experiment indicate that hardware issues and incomplete suppression of unwanted interactions as 

discussed in sections 4.4.2-4.4.5 are not responsible for the observed deviations. It is reassuring that 

we came to the same conclusions here, however for different reasons.  

What wasn't discussed so far is the influence of relaxation. A simple approach to study the influence 

relaxation is to change the sample temperature to very low-temperatures, which would slow down 

T2 relaxation and dynamics. In practice this turns out to be rather difficult if not impossible at 

sample spinning frequencies above 40 kHz which are often required for C-REDOR (see above). In 

fact in case of fast relaxation it is strictly speaking not correct to assume that the normalized 

difference 0/ S∆S  is a good approximation for homogeneous samples for the relaxation-free model 

that is calculated. Take for example a spin on the recoupled channel which is subject to rapid T1 

relaxation. It would apparently reduce the heteronuclear dipolar interaction (self-decoupling [91]) 

and thus slow down the dephasing observed in the C-REDOR curve while the full-echo signal 

would remain untouched, so that the measured 0/ S∆S  curve would not agree with the calculated 

relaxation-free curve.  

We investigated this issue by obtaining C-REDOR curves with different C-elements, following the 

recipe Cspoil-X = (90+ 180(
X
2

�1))
0

- (360⋅
X
2 )

180
- (270+ 180(

X
2

�1))
0

, where evenX Ζ∈ . The first 

element (X = 2) yields spoil-2, which corresponds to the PostC element. The next results are spoil-4 

(Cspoil-4 = 2700-720180-4500), spoil-6 (Cspoil-6 = 4500-1080180-6300) and spoil-8 (Cspoil-8 = 6300-

1440180-8100), with | |κ 41 0.09801, 0.06301 and 0.04667, respectively. The latter are designed to 

spoil the scaling factor while selecting the same terms with respect to rank and order of the space 

and spin part in the average Hamiltonian, hence the name. It is worth noting the dependence of the 

required nutation frequency nutν  for the different elements spoil-X on the sample spinning 

frequency rν , namely: rnut Xνν = . On the universal dephasing scale, which is independent from the 

scaling factor of the sequence, the experimental data should form a uniform curve given that 

relaxation is of no importance. In fact this wasn't the case (Figure S7 in Supp. Info.) and we 

observed that the C-REDOR curve of a sequence with a small scaling factor is influenced stronger 

by relaxation than that with a big scaling factor. Consistently, the observed C-REDOR curves are 

shifted to slower dephasing the smaller the scaling factor of the pulse sequence was (Figure S7 in 
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Supp. Info.). We conclude that relaxational processes are likely to be an important aspect for an 

improved analysis of C-REDOR curves in terms of structural and dynamical models. 

5 Conclusion  

In this contribution we investigated how well C-REDOR curves can be calculated as a function of 

the size of the spin system. In case of static spin systems, i. e. of materials where the nuclear 

positions are not subject to large amplitude motion and dynamics, we obtained excellent agreement 

between the experimental and simulated C-REDOR curves over the entire time period to complete 

dephasing. The simulated curves were obtained with a closed analytical formula which allows the 

calculation of spin systems with more than 20000 spins within a few hours on a common office PC. 

Such calculations may become helpful for imposing constraints for structure solution of crystalline 

powders by X-ray diffraction and for the analysis of nano-scale materials especially the localization 

of NMR active nuclei in the nano-scale morphology. We furthermore investigated how well the 

analytical approach is suited to predict C-REDOR curves for materials in which motion cannot be 

neglected on an atomic scale. While the calculated curve, which considered the rotation of a CH3 or 

NH3 function as a three-site jump, showed much better agreement with the experimental data there 

still are considerable deviations which indicate that an improved calculation of C-REDOR curves 

must be based on a more sophisticated treatment of motion and relaxation. Anyway, the suggested 

treatment based on analytical formula already allows a fast calculation of C-REDOR curves which 

may serve as boundary for the discussion of experimentally obtained curves and possibly these 

findings can be transferred to experiments with other REDOR like pulse sequences. 

6 Associated content 

In the supporting information there are calculated REDOR and C-REDOR curves and experimental 

C-REDOR curves with different C-elements (spoil-2, spoil-4) for the case of glycine as well as 

calculated C-REDOR curves with varying parameters for the case of fluorapatite. We also present 

the quantum chemically refined structure of tripotassium trimetaphosphimate (K3(PO2NH)3) in a 

separate file (CIF). 
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