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Abstract

The convergence of simulated C-REDOR curves ofnitely) large spin systems is investigated
with respect to the number of spins consideredhm d¢alculations. Taking a sufficiently large
number of spins (> 20000 spins) into account esabie simulation of converged C-REDOR
curves over the entire time period and not onlyithgal regime. The calculations are based on an
existing approximation within first order averagarhiltonian theory (AHT), that assumes absence
of homonuclear dipole-dipole interactions. The CERER experiment generates an average
Hamiltonian close to the idealized AHT behavior W@ multiple spin systems including multiple
homonuclear dipole-dipole interactions which iswhdrom numerically exact calculations of the
spin dynamics. Experimentally it is shown that a&tons accurately predict the full, experimental
C-REDOR curves of the multi-spin system®P-F in apatite, *'P'H in potassium
trimetaphosphimate antH-3'P in potassium dihydrogen phosphate. We also pré$eédH and
>’N-'H data for the organic compounds glycine, L-alaniaed L-histidine hydrochloride
monohydrate which require consideration of molecut@tion. Furthermore, we investigated the
current limits of the method from systematic erramnsl we suggest a simple way to calculate errors

for homogeneous and heterogeneous samples fromireepéal data.
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1 Introduction

In solid-state NMR internuclear distances are oftetermined from experiments which selectively
recouple the dipole-dipole interaction [1-4] undeagic-angle spinning (MAS) conditions. An
example is the measurement of through-space heidear dipole-dipole couplings to obtain
interatomic distance information [5-11]. Among thaitable recoupling sequences rotational echo
double resonance (REDOR) [8] is one of the mostnment [12-19], since it is robust with respect
to radio-frequency imperfections and able to ret®epen small dipole-dipole couplings due to the
refocussingn-pulse. REDOR-like pulse sequences have a numbeappfications, addressing
structural aspects of glasses [20,21], polymer$ #28 crystalline powders [23], from organic [24]
and inorganic [25] bulk materials to nanopartic[@4,18], and ultimately biological samples
[17,26].

For structural applications of REDOR experimenis ften necessary to calculate REDOR curves
for large spin systems [15,18,27]. With conventlos@in-density matrix based programs [28-30]
the calculation can be very time consuming [31]cduse the manipulation of matrix
representations leads to a strongly non-lineairggdlehavior with respect to the number of spins.
Depending on the program the simulation is thustéichto about 15 spins (1=1/2) [28-34]. While
limited by the spin system size this approach hasatlvantage that it allows a rigorous treatment
including terms from the chemical shift and the loonclear dipole-dipole interaction.

Alinear scaling behavior with respect to the spiatem size can be achieved by shifting away from
a numerically exact calculation of the REDOR cutgean approximation correct to first order
average Hamiltonian theory (AHT) that takes onlym® from the heteronuclear dipole-dipole
interaction into account. Expressions for REDORvesrof multi-spin systems S]19,27,35,36]
are available, which assume the absence of homeenuiciteractions and only require the isotopes
and Cartesian coordinates of the nuclei as inp. dscillations in the REDOR curve for a two-
spin case are correctly described and it has be#rieg out that the REDOR curve of a multiple-
spin system is sensitive not only to the number rmadnitude of dipole-dipole coupling constants
but also the relative orientation of different heteiclear coupling tensors. Interestingly, this
orientation dependence cannot be observed in tti@ iregime of the REDOR curve, which can be
predicted from the sum of squared dipole-dipoleptiogs constants [13,14] alone. The latter
feature allows for a rapid analysis of the REDOR/es of glasses and nano-particles. Furthermore,
modified analytical expressions have been suggdstgdmp dynamics in the fast motional regime
[27,35].

Unfortunately, REDOR recouples not only heteronaicleut also terms related to the homonuclear
dipole-dipole interaction which strictly speakingams that the analytical expressions mentioned in

the previous paragraph are valid only in the cdse 2-spin system’’C{'H}-REDOR simulations

-2-



of a 5-spin system in glycine demonstrate, thatdvamslear interactions do disturb the experiment
(see Supp. Info.). This problem was first solveddhan and coworkers with the introduction of C-
REDOR [37,38], which makes use of a symmetry bd&gdotor-synchronized pulse sequence of
the type @,’", that allows the suppression of unwanted contidingtin the approximation up to
first order average Hamiltonian theory [39-41].thes end an appropriate choice of the symmetry
numbers i, n, v) and the basic C-element has to be made [37,88pwing the same principle,
other methods were developed that expand the sifdpeteronuclear recoupling pulse sequences in
multi-spin systems under MAS [41-44]. By applicatiof symmetry-based sequences to two
channels [45] it is even possible to achieve homtwan decoupling on both channels while
recoupling parts of the heteronuclear dipole-dipiokeraction under high-resolution conditions.
However these experiments are quite demanding wegpect to the hardware and often
unnecessary, because magic-angle spinning wouldge®ut the homonuclear interaction of non-
isochronous spin-pairs anyway. It should be noted hone of these pulse-sequences decouples
isotropic J-coupling which leads to small but n@menuting terms with the terms of the
heteronuclear through space interaction [2].

A completely different approach was introduced wviltk HARDSHIP experiment [11] that takes
advantage of the differenf, y relaxation times of protons in a nanoparticle lshall core. It is
based on the approximation that long-ranged hetetear dipolar couplings commute with strong
homonuclear dipolar couplings for short recouplpegiods. Thus, it enables the measurement of
weak heteronuclear dipolar interactions betweemdant protons and an NMR-active nucleus and
has been applied to the measurement of nanopatiicleess.

In this contribution we combine the C-REDOR teclugiqvith a multiple-spin analysis on the basis
of analytical formulas based on first order AHT éeage Hamiltonian theory), which allows us to
investigate whether it is feasible to use the cet@gpREDOR curve of materials with abundant
spins like'H, 3P or % for structural studies. To this end the extendpih systems found in
crystalline model compounds need to be calculatedyergence with respect to the number of
spins needs to be confirmed and implementatioranalytical REDOR formulas for fast motional

jump processes have to be validated against theriexgnt.
2 Experimental section

For efficient calculations of REDOR curves a Far@@ program (compiled with gfortran, version
4.6.1) was written which allows for the calculatioh REDOR curves to long time periods of
abundant multi-spin systems. The program tests powaderage convergences automatically and
allows for jump dynamics according to eqs. 1-4.dddyv [46] and ZCW [47-49] averaging schemes

with 3-angle sets were used for powder averagirgaBse the program is based on an analytical
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description (section 3.1) it achieves close todm&caling with respect to the number of spinden t
spin system.

The SIMPSON package (version 2.0.0) was used idatal our program against numerically exact
calculations of the evolution of the density-maf@8,50]. Convergence with respect to the number
of orientations in the powder averaging scheme thedtime integration step-width was tested in
every case.

The sample fluorapatite g&@0Oy)3F is a natural mineral obtained from the town of piia
(Durango, Mexico). Potassium trimetaphosphimatgRK,NH)3) as synthesized in reference [51]
was identified by x-ray diffraction [51,52]. Enriett**C,-glycine and"*C-**N-glycine (both 99%
pure) were purchased from Eurisotop and potassitnydobgen phosphate (KIROQ) (99% pure)
from Merck. Enriched®Cs-"°N-L-alanine (99% pure) was purchased from Cambritiggope
Laboratories. All samples were used without anyhier treatment.

Atom positions were extracted from the respectimestal structures (fluorapatite [53], KPO,
[54], glycine [55], L-alanine [56]) to calculate ehdipole-dipole couplings constants and Euler

anglesQp= {opg Bpc ypa Which relate principal axis to the crystal framer KH,PO,, glycine

and alanine H-positions stem from neutron diff@ctistudies. For {PO,NH); the hydrogen
positions of the crystal structure [52] were refingy a quantum chemical structure optimization
because of the lack of neutron diffraction data badause contradicting H-positions that can be
found in literature [51,52]. The partial optimizati was performed under periodic boundary
conditions with the VASP program [57-60], versior.28, using the projector augmented plain
wave (PAW) method [61,62]. A-centered k-point mesh [63] with four points in leadirection
(4x4x4) was used and the plane wave energy cutadf set to 500 eV. The PBE density functional
[64] was used with the standard pseudo potentiabvaeied for PBE/PAW with VASP.
Optimizations were considered as converged wheretieegy between two subsequent steps was
below 10’ eV and the residual forces were converged toeNyA.

Solid State NMR experiments on fluorapatite weraduwted at a magnetic field of 4.7 T on a
Bruker Avance I1-200 equipped with a 2.5 mm doutdeonance MAS probe &t frequency of
200.175 MHz. Solid State NMR experiments on(RO,NH)s, =C,-glycine, **C-*N-glycine,
13C3-1°N-L-alanine and KHPO, were conducted at a magnetic field of 11.7 T orBraker
Avance 111-500 spectrometer equipped with a 1.3 duuble resonance MAS probe'gitfrequency

of 500.13 MHz. Saturation combs were used beforaegletition delays, to prevent unwanted
coherence order transfer pathways from contributintpe observed signal.

The channels used in the C-REDOR experiments destielow are denoted as S{l}, where S
refers to the observed nucleus and | to the reeduphe *F{3'P} experiments on fluorapatite were

performed at a sample spinning frequengyof 20 kHz with a recycle delay set to 3 s and
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accumulated 32 transients/FIB'P{*H} experiments on KPQO,NH); were performed at & of

50 kHz with a recycle delay set to 30 s and accated|16 transients/FIDH{>**P} experiments on
KH,PO, were performed at & of 50 kHz with a recycle delay set to 3 s and audated 16
transients/FID.**C{'H} experiments on"*C,-glycine were performed at & of 50 kHz with a
recycle delay set to 64s and accumulated 16 ®arsgFID. “>N{'H} experiments on
13c-1N-glycine were performed atvaof 50 kHz with a recycle delay set to 4 s and audated 64
transients/FID*N{ *H} experiments ort*Cs-"°N-L-alanine were performed ataof 40 kHz with a
recycle delay set to 10s and accumulated 512 i¢natsé ID. *C{'H} experiments on
13C3-'°N-L-alanine were performed at & of 40 kHz with a recycle delay set to 98s and
accumulated 16 transients/FID. Coherence transfdnway selection was achieved with a 16 step
nested phase-cycle in all experiments.

Whenever the sample spinning frequenejesere higher than 40 kHz, a modified C-REDOR pulse
sequence was used. It synchronizes the windowldRE@OR sequence by merging the 4 80lIse

in the middle of the recoupled channel and the egisnt 99 pulse from the POST [65] scheme of
the first C-element into a 2§ pulse as shown in Figure 1 (note the oppositeg)hdbe idea is to
bring one-spin magnetization to the same oriematicdhat part of the sequence, but only through a
different path. In this manner we gain synchronyhat cost of breaking the internal symmetry of

one of the C-elements. Thamisatzmay be found in literature [45]. C-REDOR curvegeavebtained
using POST-C2,, POST-C3}, POST-C4; and POST-C5; as well as permutations thereof
(also refered to ePOST-CX 3739, since they share the same first-order averageilktmian and

their scaling factors are eqgiab
As a measure of the deviation between two C-REDQ@R dets we use the root-mean-square
deviationr [66]:

. \/ > (y; (dataset] - y, (datasetd)’

>y, (dataset)?

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

(1)

as between two simulated data sets. Clearly, a ansgm between two values is only meaningful
when the data sets from which they have been eatulifeature an equal number of pomtghat
run over the same time period.

In order to relate the isotropic chemical slé.., , the chemical shift anisotropy (CS.o and

iso ! aniso

the asymmetry paramets.s to the principal elements of the shift ten (511,522,533) we use the

following definitionge. 6, = (5XX +0,,+ 522), Oaniso = 077 ~0iso » ANA 775 = (5yy =60 ) B

Wk



. The frequenciev

ref 1

where 6,,9,,05, are ordered according 5,, = 9|2 P — 00| |5yy ~ 0

defined by certain reference mater [67], define Oppm for the above stated deshielding value
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Figure 1:Modified CREDOR pulse sequence for the purpose of improved synchronizatior
the rectangles on the @wannel represent th@/2- and z-pulses for the spin echo; the -pulse
usually used in the middle of the sequencehe Ichannel and the subsequeniy-pulse from th
first C-element (G*) are replaced by a single ‘1go-pulse.

3 Theory

3.1 Description of C-REDOR curves by analytical functions

In this section we shortly describe the analytegbressions for -REDOR curves f multiple-spin
systems (also with fast motional processes) whiethased on REDOR articles by different aut
[27,35], however slightly modified to allow for a genemdscription of symmetry based pu
sequences.

In solidstate NMR it is usual to ecify different frames of reference [2]:

PAF » CR » ROT——>» LAB
(apc, Brc, Ye)  (acr, Ber, Yer)  (ORL, PRL, YRL)

where the Euler angles are defined according tdribsge conventic [68]. The principal axis fram
of dipolar interaction$?AF has its -axis along the vector connecting two spins andtesl#o the

crystal frameCRY through the set of Euler angle,, Br. andy,. Crystals and molecules have

fixed orientation to the axis of the rotor framROT, given by another set of ler anglesu ., Ber
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andy.,. Finally, the rotor fram&OTis connected to laboratory franhéB (whose z-axis is along
the magnetic field of the spectrometer) by the Eatgleso,,, B, andyg, . Under MAS conditions
these take the values, = 2z vit+a,, Bz~ 54.74° andy,, = 0, wheren, andy, have no influence on
the C-REDOR curve of a powder sample.

In a S}, spin system, wher@ I-spins couple to an observed S-spin, the norredlidipolarly
dephased signiS, /S, of the C-REDOR experiment of a powder is a prodiiatosine terms as

adopted from Brouwer [27], but modified to considee magnitude of the scaling factorwof the

pulse sequence:
<%> = <Ifl COE[\/%ﬂlK}Vdipk T (Cl,k Sin(VCR) ~ Sy COS(VCR ))]> )

wherev,, is the dipole coupling constant, definecv,, = —ﬂé’y'zyi :
77T,

wherey, andyg referto

the gyromagnetic ratios of the nuclei andefers to the internuclear distance between spam&
the K" spin I. The dephasing timeof the experiment (Figure 1) refers to the totabant of time
during which the C-REDOR sequence is applied. Tdadirgy factork is a complex number that

reflects the efficiency of symmetry-allowed terswhich for C-REDORCX! with a PostC

element take |;c|:O.24503[37]. The angle brackets indicate the powder ayeréhat is performed
by integrating over the Euler angles.{ PB.r 7Ycr) that define the orientation of the dipolar

interaction. The coefficientS, x andS, x depend solely on the orientation of #h interaction and
are defined as [27,69]

Cy, = A1-2c08 (Ber )Bin(28 oy ) cOL T, )

Ao (B o421, ) =308 (fy I Toin s oot ) ®

S = 3(Sin(2ﬁpc;< )Sin(rk )COS(ﬁCR) -sin’ (ﬂPCk )sin(ZFk )Sin( CR )) (4)
where I', = acg+ Vpcy -

Fast motional processes lead to a dynamic averagidgapparent reduction of the heteronuclear
dipole-dipole couplings [70]. Fast motional pro@ssan be for instance a rapidly rotatingsNH
group of an amino acid, which may be approximatgdab infinitely fast jump process witN
steps. Under fast motion of the recoupled spirss dipolarly dephased signal of a powder yields a
very similar expression to eq. (1) [27], again niiedi to consider the magnitude of the scaling
factork of the pulse sequence:



@ ; <l—|{z Pl D273tk (G, i - sl,kcos/CR)]D ©

where the cosine's argument is how the weighted guhpossible positions of theth recoupled
N

spin. The probability of a certain position is giviey peq(j), Wherez peq(j): 1. While jump fast
j=1

jump processes can be considered by this appredetational processes are not considered. In this
sense the presented formula describe a way to aientrelaxation-free” REDOR curves.
In order to generate REDOR curves, which for a mjidgpole-dipole coupling look the same

regardless of which REDOR sequence was used, wéhaseniversal dephasing tinz,, = |zc|r

[15,18] where |zc| is the magnitude of the pulse-sequence dependatihg factor of the recoupled

heteronuclear dipole-dipole coupling term.

3.2 Statistical error analysisfor homogeneous samples

For a routine error analysis of experimental REDEMRves it is necessary to distinguish different
sources of errors. Various systematic errors (rejato the accuracy) are discussed in section 4.4
and estimates of the error margins for heterogenematerials are suggested in section 3.3. In case
of a homogeneous sample (this section) we suggeshple statistical analysis based on error
propagation which relates to the precision (butthetaccuracy) of the points in the REDOR curve.
Frequently, REDOR data are shown as the normaliiféetrence between the reference sig&al
alias full echo signal, and the dephased echo kifgndn order to avoid confusion with the error

propagation treatment below, we defiR= 4S/S; = (S0 —SD)/ S,=1-S, /S, . In this formula
ASmeans the differencS, - S; .

Here we define a sample as being homogeneous, MMR peaks can be resolved and assigned to
a specific site of its structure. For such casesemor propagation [71] from the scatter of the

experimental data points can be calculated. Fwst,fit the experimental dat:S, data) of the

reference experiment with a decaying exponentiaction, then we approximate the standard

deviation 4S5, from the deviation of the experimental data pofntsn the fitted curve. A statistical

error AR of the normalized differend® can be approximated by error propagation:

2 2
oR oR
AR= || —4S, | + AS 6
\/[aso °] [asD Dj ©)

where theA in expressions (5) and (6) convey amor margin. Assuming the standard deviation

for the dephasing experime 4S; is equal to the one of the reference experin4S;, the
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statistical error is given by:
S (1 Y

AR= || =4Sy | +| =4S, 7)
SO SO

3.3 Error analysisfor heterogeneous samples

It is possible that an NMR peak originates frormsghat are located in different environments, but
coincidentally feature the same chemical shift.sTééan be the case for amorphous materials or
heterogeneous mixtures, for example as in the chaenanoscale zinc phosphate [15] (Figure 2).
REDOR simulations as described in section 3.1atg able to produce relaxation-free REDOR

curves for such heterogeneous mixtures. Unlike timenogeneous case, the experimental,
normalized intensity differenc4S®* / S5 = (Soex" —sg*p)/ Sy is no longer a good approximation
for the relaxation-free REDOR curve, even whendkperimental data are free of statistical errors

and assuming that relaxational effects can be fizei in the same way for ttS®°(z) and the

s2*(z) curves (silently assumed below): consider for gxena signal of two components, where

the main component A features a very sfigrvalue combined with a small heteronuclear dipole-
dipole coupling constant while the minor componBnlhas a longl, value combined with a big

coupling constant. While the theoretically calcatht REDOR curve would be a weighted
superposition of the REDOR curves of the two congmds and thus looks similar to the curve of

component A, the experimental curve plotted as thermalized intensity difference
AS®P | S5 = (sgxp—sgxp)/sgxp would look like the one of component B once thgnal of

component A has vanished by relaxation.
How can reliable error margins be estimated in¢hse? In the case of non-uniform relaxation over
the sample we lose information about the causefodfthe signal decay which is the difference

between the full echo iz=0s and the full echo at non-ze -)values. To calculate the upper and

lower margins for 45%°(z)/ S®(z), we thus defineS2® () as the difference between the
maximum intensity S>> at time = 0s (dashed line in Figure 2) and the intensity of fiheurve
ng"(r) of the reference experiment at timésolid line in Figure 2). In simple cases the decay
be described with a decaying exponential with glsitime constant.

e (7)= S = S5°(z) (8)
We distinguish two limiting cases with respect topassible fast relaxing component which

determines the REDOR behavior S3F, , in order to estimate what the relaxation-freesaid
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REDOR curveAS™® /| S*° = (Sf{“e - sgue)/ Sy could look like in comparison to the experimental

data:

Case 1 (upper margin): The "blind" echo inten S, (r) refers to spins in the sample which have
very strong heteronuclear dipolar couplings. Thius telaxation-free dephasesti®(z) and the

relaxation-free full-echo intensi §i“*(:) become

(0= 55700 ®
S5 (r)= sni= s5°(e)+ S5 (v) (10)

for moderately sma : values. Consequently the maximum possible relandtee REDOR curve,
i. e. the normalized differenc4S™2(z)/ S™"*(z), could be calculated from the experimental data as

follows.

ASe(;) S50 - 520(r)

RO

(11)

which represents the dotted line in the exampleigure 2.
Case 2 (lower margin): The "blind" echo intens S5, (r) refers to spins in the sample which have
no heteronuclear dipolar couplings and thus showd@phasing at all. Then the relaxation-free

dephase(S™(z) and the relaxation-free full echo intens S™¢(z) becomes

85 (c)= 857 (¢) + S ()= S5°(c) + 805 - 5°(2) (12)
85(e)= Snt= S7°(0)+ S5 (e). (13)

Consequently the minimum possible relaxation-fré&&EDRR curve, i.e. the normalized difference

AS™2(z)/ Si¢(z), can be calculated from the experimental data as

45™(r) _ S57(0)- 55710
ST se

(14)

which is represented by the dashed dotted linegarE 2.
Clearly, the true relaxation-free REDOR curve sHooé somewhere between these two limiting
cases. In our experience the error margins deteahim this way are large whenever the full-echo

signal shows a fast decay.
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Figure 2:**P{*H}-C-REDOR curve of a nanoscale zinc phosphate [15]rasxample for the err
analysis of heterogeneous samples; experimenta @gien squares) and upper (dotted, eq
and lower (dashed dotted line, eq. 14) ermargins share the axis on the left; the fitted &dhc

data (S®(r) data, solid gray line) and the maximum sig S®. extrapolated to time point ms

(dashed line) share the normalized axis on thetriglatching marksthe region where the tr
relaxationfree REDOR curve can be fou

4 Resultsand Discussion

4.1 Validation by comparison to numerically exact calculations

Validation of the first order AHT expressions iscassary, if \e want to simulate large sf
systems. Therefore, we calculated the REDOR cufva @(-spin system free of homonucle
dipoledipole interactions according eq. 2and compared it with a fully converged, numeric:

exact simulation of the REDOR experint of the same spin system (Figure 3). The cal@n:

1.0}
0.8}

0.6

AS/S,

04}

0.2}

0 05 10 15 20
Tuds /ms

Figure 3: **F{*'P}-REDOR curve of a 10 spin system for the validatbthe first order AH
expression; open circles refer to a simulation gsanumerically exact calculation of the <-
dynamics (SIMPSON) for a single orientation and $béd line was obtained by eq. 2; the ir
shows the chosen spin system, a secticm fluorapatite's crystal structure; white atoms negen
phosphorus and the black atom fluorine; dij-dipole interactions are shown as bl
(heteronuclear) and white (homonuclear) sti

refers to a small section of the crystal structofdluorapatit¢ [53], where one fluorine atom
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surrounded by nine phosphorus atoms. An illustnatb the spin system with its dip«-dipole
interactions is also depicted. We conclude that simplalyaical first order AHT expressions &
sufficient for the calculation of REDOR curves dfder spin systems, which is in line witF
previous study [72]which investigated the effect of “dipolar trution” on REDOR curves for

pure heteronuclear Hamiltonian.

4.2 Convergence of large spin systemswith respect to the number of Euler angletriplets

The dephased curveS,(r) of spin systems have the more ~crossings the bigger the sg
sydgem is (eq. 2). It is thus not a priori clear hohe tconvergence of a-REDOR curve

R(r)= 4S(z)/ S,(z) with respect to the powder average depends onutimber of recoupled spitn

in the spin system. In case an increasn would be accompanied byreeed for an increased

number of orientationn of crystals in the powder averaging scheme to aehienvergence

powder
the calculation of converged large spin systemsdcbe prohibitive
We define that the calculation of e-REDOR curve R(r) is converged if the root mean squ

deviationr (eq. 1) of two CREDOR curves calculated with an increasing numbbefwer angle

triplets n remains below a chen convergence criterios. The numbers of Euler anc

powder

triplets n for reasons of convenience were taken from listexa$ting angle sets (Zaren-

powder

ConroyWolfsburg (ZCW) schem [47-49] n_.. 0{50,100,14400,300,38,1154,322,6044,

powder

Lebedev scheme [4(n ... [1{84,600,190,4656,906,15624,2%80¢ ) in the chosen powder ang

powder

scheme.

1154 o

N powder

538 F

300

144 |

T 1o 100 1600 TH000
Figure 4: Number ofEuler angle triplets Moowse (ZCW scheme) necessary for the calculatic
converged*F{3*'P}-C-REDOR curves of fluorapatite as a function of thenber n of recouple
spins (convergence criterion:<1072).
F{3'P} C-REDOR curves with different number of recoupledhsin were calculated (Figure -

which were set up from sections of the crystal cdtme of apatite and a consteconvergence
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criterion ¢ <107 . The necessary number of Euler angle trign to achieve convergence as a

powder
function of the number of recoupled spmstarts at higher values and then steadily decsesse
that in fact the calculation of converged C-REDQRves of bigger spin systems requires fewer
Euler angle triplets than that of very small spystems. This dependence enables the calculation of
converged C-REDOR curves of multiple-spin systeife&e powder angle scheme based on the

method by Zaremba [47], Conroy [48], and Wolfsbgtg] usually needed a smalln to

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

except forn=1.
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4.3 C-REDOR analysison crystalline model compounds

The crystalline model compounds were chosen as gbesnof abundant mu-spin systems, since
the relevant NMRactive isotopes have close to or exactly 100% natalbundance. The crys
structures of the measurednepounds are illustrated in Figure 5. The samplesewchosen t
reflect typical cases including static and dynaspm systems, where the word "dynamic” refer

motional processes in solid matter, as for examgiktions of methyl function

4.3.1 C-REDOR curvesof static spin systems

In this secton we validate calculated against experiment-REDOR curves of Cs(POy)sF,
K3(PO:NH); and KHPQ,. These have spin systems where fast motional psesecan be neglect

which refers for example to significant libratiomabtion and jump dynamic

g ke 05%«;”@%}(

v E

Figure 5: Crystal structures of the different reference pannds used in this article, to illustri
the spinsystems, rotational degrees of freedom and padkitige crystal structure: a) G(PO,)sF
(tetrahedrons correspond to £, circles to F ions), b) KHPO,, ) Ky(PONH)s, d) glycine, €
L-alanine and f) Lhistidine-HCI-KO; cations are not depicted; rotating groups in theitterionic

amino acids are pointed out by an arr
°F{*'P}-C-REDOR of Cg(POy)sF

In the structure of fluorapatite (Figure 5a) “stadk PC4 -tetrahedra and lines of fluoride ions ¢

be found. The P- and &oms occupy each one crystallographic orbit. Airstquestion to ask
how big the section of a crystaas to become to calculate -REDOR curve which is close to tF

of the infinite crystal lattice. Figure 6 depictmslated°F{*'P}-C-REDOR curves of spin syster
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of different size and experimental data. Good agese can be seen between experimend
simulation for the largest spin systen= 22147). The calculation of a 4pin systemn = 3) is
clearly far from convergence with r = 0.176 between experimental and simulated data se
reflects the first coordination sphere around tberfde ion, consisting of three phosphorus at
that are arranged in form of an equidistant coatitom triangle. The I-spin system simulatio
(n=12) is already closer to convergence wr = 0.032. It comprises all phosphorus ato
surrounding the fluoride ion within a radius cA. Increasing the number of spins taken i
account (not showreventually leads to a converge-REDOR cunre, which is reached in this ce
at the order of 80 spins with ra= 0.020 (¢ <107). A similar result is obtained if we do not te
the experimental data as reference but when weogppate the infinite spin system of an ic
crystal with a very large spin systern=22147) which accounts for heteronuclear dif-

couplings as small evy, =—-0.01Hz). With this noisefree data set as reference, convergen

reached at about 150 spins<{10~, not show) We conclude that the calculation of laispin-

1.0 =
¢ 7/
0.8} -,
-/
1/
0.6} A4
& " v
E s
"/
04F =/
A3
/
0.2} /
7/
/4
0 - L L L L 1
0 100 200 300 400 500

Tuds/ ps

Figure 6: Experimental and simulate’’F{*'P}-C-REDOR data of fluorapatite; experimental c
is represented by open squares, the lines reprdséintconverged simulations for spin systen
different sizes (n number of recoupled nuclei): 8 €dashed liner = 0.17¢), n = 12 (doted line
r =0.032) and n = 22147 (solid liner = 0.019); data was measured at a sample spin
frequencyv, =20 kHz.

systems is required even for rather simple caséw disiorapatite

31p{1H}-C-REDOR of Kz(PO;NH)3

The crystal structure of {PO,NH)3 is depicted in Figure 5b. Two trimetaphosphimatesi are

linked by hydrogen bonds and stacked on one andthering columns. The - and H-atoms
occupy each one crystallographic orbit. The quantbhemically refined structure (see experime

part andCIF in Supp. Info.) was used to set up a big spstesn n=10692). Again experiment

and simulation (Figure 7) 6tP{*H}-C-REDOR curves are in good agreem¢r = 0.025).
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0 50 100 150 200
Tuds/ us

Figure 7: Experimental and simulate®P{*H}-C-REDOR curves r(= 0.02f) of tripotassiur
trimetaphosphimate PO, NH);; experimental data is represented by crosses alwith errol
bars calculated using the derived expression fédroenogeneous samplthe solid line represer

the fully converged simulatioin=10692); data was measured v, =50 kHz

'H{*'P}-C-REDOR of KHPO,

Figure 5c shows the crystal structure of ,POs, where all corners of a Fs-tetrahedra are
connected to other tetrahedra by a bridging hydragem. The - and Hatoms each occupy ol

crystallographic orbit. The simulation accounted n=5610 spins and withr = 0.037) shows a

fair agreement with gerimental data (Figure

R

1.0 - —

-

-,

08}

0.6}

ASIS,

04}

02}

0 50 100 150 200
Tuds/ us

Figure 8: Experimental'H{>*'P}-C-REDOR and simulatetH{*'P}-REDOR data r = 0.037) of
potassium dihydrogen phosphate; experimental dateepresented by crosses along with €
bars calculated using the derived expression févoenogeneous sample; the solid line repres

the fully converged simulatioin= 5610); data was measured v, =50 kHz

Overall, the reasonably good agreement betweermprndous three experiments and simulati
confirms that CREDOR curves can be calculated in the approximatesctribed by eq. 2 and tf
consideration of a bigger number oins is necessary to predict theREDOR curve from zero u
to complete dephasing. However we do observe shudll significant deviations outside t

statistical limits which wilbe discussed below in sect 4.4.
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4.3.2 REDOR curvesof dynamic spin systems

Glycine, L-alanine and Ihistidine in L-histidine hydrochloride monohydrate are found
zwitterions in their crystalline states (Figur). Under normal conditions Ns- and CH-groups
rotate at high frequencies as compared to the Niwh@ scal []76. The effect of jump dynamics
the fast motional regime was calculated by takimg iaccount the fast rotation of the s-groups
(in L-alanine also Ckigroup) according to eq. 4. Correspondin-REDOR curves are drawn
dashed curves in the following figures. The solidves simulate a low temperature case, w
such rotations are frozen.

13c{*H}-C-REDOR of glycine and -alanine

3c{'H}-C-REDOR curves were obtained for the carboxyl grompgiycine and -alanine
(Figure 9) and the Ci#group in L-alanine (Figure 10). ®REDOR curves of th-CH,- and -CH-
functions in Lalanine and glycine, respectively, were not considebecaus of strong dipole-
dipole couplings betweet and™*C in these groups and - correspondingiyvery rapid dephasir
of the echo signal with too few points on th-REDOR time scale for meaningful comparison v
simulated curves. Qualitatively all expeental CREDOR curves exhibit a much slower dephat
process than expected from the static crystal sirecBetter agreement between experiment
simulation can be reached when jump dynamics aterporated into the simulations, whi
describe the rotation of the Nidnd the CH group around the Gt and the (-C axis, respectively.
In the case of the carboxyl group in glycine wecakdted between experimental and simula
data sets = 0.09%hen accounting for dynamics ar = 0.114 for the static case (FigL 9). For

the carboxyl group in lalanine we calculater = 0.252 when comparing experimental data ar
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(4
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Figure 9: Experimental and simulate*C{'H}-C-REDOR data from the carboxyl group
L-alanine (left) and glycine (right); experimentaltdas represented by crosses along with €
bars calculated using the derived expression forh@mogeneous sample; fully wergec
simulation n= 2165 for glycine andn= 2405 for L-alanine) of static case (solid) and un
consideration of dynamics (dashed); data was meakatv, =50 kHz.
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simulation with dynamics and= 0.332when comparing experiment with the static simulatias
expected the REDOR curve of the Cs function in Lalanine is far more sensitive to this dynal
correction (staticr = 0.332nd dynamicr = 0.104) (Figure 10). The retkive contribution 0**C-
'H couplings which refer to static functional growgse bigger for the carboxyl function than for

CHgs function in Lalanine which performs rapid rotational motion @m temperature. Howev

1.0 PN —
i e
7/ . .
7/ L]
0.8 2
/
/7 *
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@ /
b /.
04} /
/
le
024 7
/
/
0

0 20 40 60 80 100 120 140 160
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Figure 10: Experimental and simulate**C{*H}-C-REDOR data from the G-group in Lalanine

experimental data is represented by crosses aloiig eror bars @lculated using the deriv

expression for a homogeneous sample; fully condesgaulation n = 240¢) of static case (soli
and under consideration of dynamics (dotted); daées measured v, =50 kHz

the experimental curves (Figu@eand 10) still show a slower dephasing than caledldor almos
the complete REDOR curve.

1>N{*H}-C-REDOR of glycine and -alanine

The N-atoms in the zwitterionic crystal structures ofgghe and l-alanine belong to N3 functions.
As in the case of the GHunction in L-alanine, their rotation is thermally activated abm
temperatureand thus the respective-REDOR curves (Figure 11) are better described witr
dynamically corrected simulatiorr = 0.175) than with the static descriptiorr = 0.612). The
shapes of the ®EDOR curve are well described ovhe complete time scale, while again fa:
dephasing of experimental data can be observedsilif®ssources for these deviations will

discussed below.
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Figure 11: Experimental and simulate"N{*H}-C-REDOR data of lalanine (left) and glycin
(right); experimental data is represented by cresséong with error bars calculated using
derived expression for a homogeneous sample; daliwerged simulationn= 2165 for glycine
and n=1461 for L-alanine) of static case (solid) and under consideraof dynamics (dashe:
data was measured v, =50 kHz (glycine) anctv, =40 kHz (L-alanine).

13C{*H}-C-REDOR of L-istidine hydrochloride monohydr:
From literature [77we obtained a -REDOR curve for the Cfunction in L-histidine (Figure 12).
Even though the data were obtained with a diffeREDOR sequen: [77] a comparison with

simulated data in the described simulation framé&wam the universal dephasing sciz Is
straight forward. The REDOR experiment is analogous t-REDOR but use RN; - instead of

CN; -elements in order to suppress unwanted terms,niiamce the dipc-dipole homonuclear

interaction between spins of tr-channel. Here wealculated between experimental and simulg
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Figure 12 Experimental and simulate™*C{'H}-S-REDOR [77] data from  in L-histidine
hydrochloride monohydrate; experimental data is respnted by crosses; fully conver
simulation n=1712) of static case (did) and under consideration of dynamics (dashethte
was measured v, =65 kHz.
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data sets = 0.05When accounting for dynamics.

We conclude that disregarding motion is usually justifiable for the calculation of REDOR
curves of dynamic spin systems. In the case ofstidine hydrochloride monohydrate the REDOR
curve is dominated by the strordC,-'H dipole-dipole coupling, so that the dynamics bé t
rotating NH-group play only a minor role. All other cases praed in this section showed an
improved REDOR curve when dynamics were considénethe calculations, especially those
relating to atoms within a rotating group (BJHCHs). Despite the improvements when including
dynamics, still more pronounced deviations wereeoked as compared to the curves of static

systems.

4.4 Error discussion of REDOR curves

From the model study on crystalline compounds @¢obees clear that despite the high-quality of the
experimental data still significant deviations frotime simulated curves are observed. In the
following we want to discuss possible sources adrsrwhich would have to be eliminated to reach

still a better agreement between experiment anoryhe

441 Statistical errors

For a statistical error analysis we differentiabetween homogeneous and heterogeneous samples
depending on whether there is a signal overlaphenspectrum or not. By assuming the same
standard deviation for dephasing and referencerearpats a propagation of the statistical error due
to the noise in the spectrum can be calculatediferhomogeneous case which applies to all
samples in this contribution. For most of the pnésé experimental data the statistical error is so
small, that the error bars can hardly be distingeasfrom 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 differenteractions with numerically exact calculations, we
chose the case of fluorapatite. We simulated 2-5{if*'P}-C-REDOR curves using an effective

dipole-dipole coupling constant [7 v, = -2063.87 Hz av,, = 20 kHz with varying parameters

(see below).

Radio-frequency inhomogeneity is a direct conseqeiest the sample coil's geometry and signal
amplitude errors can be of the order of 10% [79-&VEn though radio-frequency inhomogeneity is
suppressed to first order AHT in the C-REDOR expent, its effects may still present due to

higher order ternts For this reason, we simulated C-REDOR curves whdrfields were
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intentionally set to wrong values (Figure S3 in fupmfo.). Close to the ideal pulse-nutation-
frequency C-REDOR curves of two-spin systems chasy# the dipole-dipole coupling is varied
almost linearly. Hence nutation frequency errons ba treated as statistical errors including error
propagation. A nutation frequency being too big3By leads to a too small dipole-dipole couplings
constant by 4.8%. An error of of +5% leads to 0.@&®ween simulations with the intended and
wrong rf field. This factor can explain small devaas in the experiment.

The POST element compensates for the symmetry-adlovgotropic chemical shifts in the
C-REDOR experiment. We calculatedvalues between simulations with zero isotropicneical
shift and different offsets (Figure S4 in Supp.olijf For a deviation of the same order as between
experiment and converged simulation=  0.0%8e section 4.3.1) one would need an offset of
around 5 kHz (= 0.01p60n the recoupled channel, while an offset of B2 kvould generate an
value about one order of magnitude highes(  0)2Based on that and calculations at different

v, values (not shown) we conclude that offsets ofdfder of the sample spinning frequerv,
should be avoided, while offsets about 1/4 of ke ef v, should not be problematic.

A similar dependency is found for the dependencyCaREDOR curves on the chemical shift

anisotropy o of the recoupled-spins (Figure S5 in Supp. Info.). Calculategalues between

aniso

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

dependency. Because the chemical shift scales th@éhexternal magnetic field it needs to be

converted to frequency units for a fair compariséfhile chemical shift anisotropies of,;., .

of 6 kHz correspond to small deviations5  0.0Zbmpare section 4.3.1) already values for

Oaniso Ve Of 16 kHz vyield significant deviationsr € 0.1)(1Clearly, the dependence is less

aniso
straight forward because it also depends on tlaivel orientations of the dipole-dipole interaction
and the chemical shift tensor. However, simulatieith random relative orientations between these

interactions showed only an unsubstantial erroe ( 01 @or J,,, 3, = 6 kHz), that became more

aniso

important at higher values & 0.G8r 0, 0. =16 kHz). Still as a rule of thumb, values which

aniso — ref

amount to about 1/4 of the sample spinning frequenclead to tolerably small errors.

In the case of fluorapatite both tlde, . -values of*'P and**F are known éamso(“p): 11.5ppm [37],

8.miso('°F)= 56ppm [82]). Converted to frequency units it is obviousy *'P{ °F}-C-REDOR
experiments (not shown) in a field of 11.74 T shug deviations { = 0.46v, = 50kHz) from the
theoretical relaxation free C-REDOR curve whif&{*'P}-C-REDOR experimentsr(= 0.019
v, = 20kHz, section 4.3.1) show almost perfect agreement. dlaes ofsaniso(lH) are around

10 ppm in glycing84and we assume similar or lower values for L-alanwth its additional Chl
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group [85], so that they shouldn't have any relevafluence under the chosen experimental
conditions.

The anisotropic J-coupling] transforms as a second rank tensor with simildatianal

properties as the through-space dipole-dipole éngpensor. For that reason, the measurement of
the dipole-dipole interactions with C-REDOR is aywafflicted with a certain error, depending on

the size ofJ Fortunately, values fotJ,, . (**C'H) and 'J,,.(**N,*H) [86] are usually small

aniso-
(<65 Hz) as compared to the dipole-dipole couploogstants. For this reason it may often be
neglected as for the C-REDOR curves of the amindsameasured in this work. The one-bond
isotropic J-couplingstJ,,,(**c*H) and '3, (**N,'H) are usually of the order of 150 Hz [87,88].
Simulations of C-REDOR curves taking these inteoast into account showed nearly no
deviations as compared to simulations where theye weglected (=107 ). About 50 Hz [87] is
the isotropic J-couplindJ,,(*c3c) between two™C nuclei as in isotopically labelled glycine.

Such small values as compared to the size of feetefe dipole-dipole coupling constav,, can

hardly cause any change of calculated C-REDOR suri@king *J,(**c*c) = 50 Hz into
consideration in the simulation of a 3-spin systevin glycine C,.H; Vener = 0.4 kHz) induces

a deviation ofr = 0.002

443 Hardware

Do pulse transients affect the performance of C-RRDexperiments? The transient-adapted
POST-C7 sequence [89], for instance, has been stmimmprove the transient-vulnerable POST-C7

sequence which uses the same C-element in a conummmercial probe head. In order to
investigate whether amplitude and phase transingsilses influence thPOST-CX} sequence,

we estimated the quality-factd® of our 1.3 mm probe head by measuring the trarssams
coefficient with a pickup coil near the sample cé&lfobe heads with a high value @fdeliver a
better signal-to-noise ratio at the cost of a sloveeovery time of the tank circuit. Based on the
approach used in [89] we then simulated a 2-spatesy in the case of glycine with an effective

dipole-dipole coupling constarv,, of -6.4 kHz andd,,,, 3, Of 2.5 kHz. The recovery time

aniso

constantrg, which is directly proportional t® was set to 0.5 us, the offset-frequeiw,, /27 to

eoff
500 kHz and the integration time step to 20 nsc@ations taking even higher values mfinto
account than measured featured only negligibleadi®ris. We can therefore rule out pulse-phase
and amplitude transients as a source of the obdel@ations.

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

frequencies are necessary at high spinning speettsaarelatively long time period, which in case
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of our 1.3 mm MAS probe are applied through a smtbrcoil with small wire diameter. For this
reason, we investigated the stability of the prbbad by comparing the amplitude of long pulses at
the beginning and at their ends (up to 50 ms)*at autation frequency of 100 kHz. No significant
instability nor power droop could be observed (<) 18thich excludes this factor as a possible error

source.

4.4.4 Rotor synchronization

Rotor synchronization is desirable in experimersm@ symmetry-based sequences, because the
pulses can only refocus unwanted contributionsh® Hamiltonian if these contributions cause
exactly the same evolution before and aftertheulse. In REDOR like experiments this factor
becomes more important the higher the sample spninequencies are, due to the finite length of
the refocussing pulse. A remedy to this problem may be using wimeld sequences [44,90], given
the free evolution of the spin system doesn't caxs& complications by non-commuting terms for
example by strong homonuclear dipolar interacti@sbreaking the internal symmetry of a basic
element the scaling factor for the homonuclear léqglipole interaction can become a non-zero
value. This means, the undesired homonuclear dulipige interaction is reintroduced, as noticed
by the ad hoc shortening of all pulse elementssimgle C-cycle [43]. Similar to the approach used
for SC14 [45], we achieve rotor synchronizatiomigh sample spinning frequencies (> 40 kHz) by
integrating ther pulse into the last part of the neighboring C-edatn(Figure 1). By affecting
merely one pulse under the many pulses neededléot ssnd suppress the desired interactions
homonuclear effects should be of minor concern.

Sample spinning instabilities lead to pulse seqa&synchrony and can compromise the recoupling
scheme especially at higher evolution times, wlemmplete dephasing may not be observed.
Simulations of a 3-spin system based on the €&yment of glycine showed=  0.00zetween
data sets recorded with the nominal sample frequé@kHz) and a deviation of 10 Hz. Therefore,
we conclude small sample spinning instabilitiesnibd affect the experiment substantially in the

studied cases.

445 Homonuclear interactions

The effect of the homonuclear dipole-dipole intéacton C-REDOR curves was investigated for a
5-spin system (Figure S2 in Supp. Info¢:-*H. oriented on the molecular structure of glycine, i.
the *Cearboxyr"Hz,crz "Ha,nnz Which features strontH-"H dipole-dipole couplings of approximately
-22 kHz. We calculated several data sets, nari@{'H}-C-REDOR both with zero and fulH
homonuclear dipole-dipole couplings which show oalyinor increase of thevalue ¢ = 0.017.

We conclude C-REDOR can effectively suppress hormean dipolar interactions under this
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conditions, so that they do not act significanthytbe experiment.

4.4.6 Scalingfactor and relaxation

The good agreement between experiment and simuledrahe C-REDOR curves of the static spin
systems and the finding of deviations for dynanpim systems outside the statistical limits of the
experiment indicate that hardware issues and int&tmguppression of unwanted interactions as
discussed in sections 4.4.2-4.4.5 are not resplensibthe observed deviations. It is reassurirgg th
we came to the same conclusions here, howeveifferaht reasons.

What wasn't discussed so far is the influence lakegion. A simple approach to study the influence
relaxation is to change the sample temperaturestp bow-temperatures, which would slow down
T, relaxation and dynamics. In practice this turn$ twube rather difficult if not impossible at
sample spinning frequencies above 40 kHz whichoften required for C-REDOR (see above). In
fact in case of fast relaxation it is strictly shie@ not correct to assume that the normalized

difference 4S/§, is a good approximation for homogeneous samplethéorelaxation-free model

that is calculated. Take for example a spin onrdwupled channel which is subject to rapid
relaxation. It would apparently reduce the heteotear dipolar interaction (self-decoupling [91])
and thus slow down the dephasing observed in tiREDOR curve while the full-echo signal

would remain untouched, so that the measi4S/S, curve would not agree with the calculated

relaxation-free curve.
We investigated this issue by obtaining C-REDORvesmwith different C-elements, following the

X X X
recipe Gpoilx = (90+ 180(5—1))0 - (3603)180 ; (270+ 180(3—1) )O , where X 0Z,,,,. The first

element (X = 2) yields spoil-2, which correspondshte PostC element. The next results are spoil-4
(Cspoil-a = 27Q-720180-45Qy), spoil-6 (Gpoie = 453-10800-630) and spoil-8 (Gpois = 63Q-
14405,-81Qy), with | 0.09801, 0.06301 and 0.04667, respectively. Thterlare designed to
spoil the scaling factor while selecting the saemens with respect to rank and order of the space
and spin part in the average Hamiltonian, hencenimee. It is worth noting the dependence of the

required nutation frequencv,, for the different elements spoil-X on the sampf@nsing

nut

frequencyv, , namely:v,, = Xv, . On the universal dephasing scale, which is inddgst from the

nut
scaling factor of the sequence, the experimentéd gdhould form a uniform curve given that

relaxation is of no importance. In fact this wagh¢ case (Figure S7 in Supp. Info.) and we
observed that the C-REDOR curve of a sequenceavgimall scaling factor is influenced stronger
by relaxation than that with a big scaling factBonsistently, the observed C-REDOR curves are

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

improved analysis of C-REDOR curves in terms aidtiral and dynamical models.
5 Conclusion

In this contribution we investigated how well C-RE8R curves can be calculated as a function of
the size of the spin system. In case of static systems, i. e. of materials where the nuclear
positions are not subject to large amplitude mo#dad dynamics, we obtained excellent agreement
between the experimental and simulated C-REDOResuover the entire time period to complete
dephasing. The simulated curves were obtained avittosed analytical formula which allows the
calculation of spin systems with more than 20008sspiithin a few hours on a common office PC.
Such calculations may become helpful for imposiagstraints for structure solution of crystalline
powders by X-ray diffraction and for the analysisiano-scale materials especially the localization
of NMR active nuclei in the nano-scale morphologye furthermore investigated how well the
analytical approach is suited to predict C-REDOIRves for materials in which motion cannot be
neglected on an atomic scale. While the calculatede, which considered the rotation of a{Qi
NHj3 function as a three-site jump, showed much betgeeement with the experimental data there
still are considerable deviations which indicatattan improved calculation of C-REDOR curves
must be based on a more sophisticated treatmembtibn and relaxation. Anyway, the suggested
treatment based on analytical formula already alewast calculation of C-REDOR curves which
may serve as boundary for the discussion of exmarially obtained curves and possibly these
findings can be transferred to experiments witlepREDOR like pulse sequences.

6 Associated content

In the supporting information there are calculad&tDOR and C-REDOR curves and experimental
C-REDOR curves with different C-elements (spoilsppil-4) for the case of glycine as well as
calculated C-REDOR curves with varying parameterstlie case of fluorapatite. We also present
the quantum chemically refined structure of trigstam trimetaphosphimate {fPO,NH)3) in a

separate file (CIF).
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