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Two-dimensional magnetization exchange experiments, with
the radio-frequency-driven recoupling pulse sequence in the mix-
ing time, have been performed for the detection of homonuclear
13C13C distances between the singly **C labeled methyl carbon of
p-xylene and the natural abundant **C nuclei of the host mole-
cules in p-xylene/Dianin’s complex. The intensities of the cross
peaks between the methyl carbon and six host carbons were mea-
sured as function of the length of the mixing time and normalized
by the intensities of their diagonal peaks. The results were com-
pared with simulations based on the known distances in the
complex. Good agreement was obtained, without taking the homo-
nuclear zero-quantum linewidth (1/T5%) into account. This can
be understood by realizing that in this complex the **C carbon
pairs are significantly diluted. © 1999 Academic Press
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INTRODUCTION

dipolar dephasing of the signaB§t). Generally, however, it is
necessary to account for the zero-quantum relaxation T§fe

of the coupled spin pair in order to deduce a nuclear distanc
from the pure dipolar decay exp{5°)S(t). According to the
work of Griffiths et al. (15), in which they apply the rf-driven
dipolar recoupling (RFDR) technique to measure distances |
bacteriorhodopsin, the zero-quantum relaxation time governir
the homogeneous zero-quantum line broadening of a pair
high abundant coupled spins is mainly dependent on the hom
nuclear dipolar interactions between the spin pairs in the cry:
tal and between the natural abundant spins and the spin pa
themselves. The first can be partially overcome by isotopi
dilution of the spin pairs in the solid. However, the natural
abundant3C nuclei present in the sample are not easily re
moved. Molecular motions can also modify the zero-quantur
line broadening. To overcome the need for T determi-
nation Costeet al.recently introduced the rotational resonance
tickling experiment £6). In addition to the static and dynamic

. . . L : - : Q i
The internuclear magnetic dipolar interaction is a rich sour&fects influencing the experimenta§® values, insufficient

heteronuclear decoupling and pulse imperfections can al

of structural information in solids and liquidd)( Recently, . .
solid state NMR techniques have been introduced that makange the dipolar decay signet) (2, 15, 17. Here we
use of this interaction to measure internuclear distares. should mention that variations in the chemical shift parametel
Almost all these techniques require a combination of samfi@n have a significant influence on thégignal dephas_inyq..
spinning (MAS) and synchronously applied radiofrequency (rf) Knowle_dge _about the same zgro-quantum_ relaxation time
pulses. For distance determinations between heteronucf@i&e required in the simple rf-driven recoupling RFDR exper
spins the most commonly used technique is the rotational edANts on*°C-spin pairs §). In these experiments, after spin
double resonance (REDOR) experimet)( while for homo- excitation by cross polarization and selective inversion of on
nuclear spin pairs the rotational resonanc (Rethod should SPin, pulses are applied once each rotor cycle to the spin pa
in particular be mentionec®). In the REDOR method, dipolar (the SEDRA sequencéd ) during high-power proton decou-
dephased signal(t) are compared with nondipolar dephaseH"”g- While the R experiment is very sensitive to the exact
signals Sy(t) in the form Gy(t) — S(1))/Sy(t) (12). This setting of the spinning speed (it must be equal to an intege
enables the elimination of relaxation effects on the results afltiple of the difference between the isotropic chemical shift:
makes an accurate nuclear distance measurement possibl®f the spin pair), RFDR is not. RFDR can in fact be considere:
the case of a homonucleXiC-*3C interaction the magnetiza-as a frequency-broadened® Rxperiment. The experimental
tion exchange Rexperiment on a high abundant spin pair i§esults of both dephasing techniques are dependef§ ®and

unique in the sense that it does not require rf pulses during @ residual heteronuclear interactions when the decoupling
insufficient. In the RFDR case they can also be influenced &
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(15-17. Although the signal dephasing in’Rind RFDR is
dependent on the magnitudes of the chemical shift anisotropi
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abundance carbons. Second, the diagonal peaks in the :
spectrum can be used as a signal intensity reference for t
determination of these distances, while partially eliminating
the effects of relaxation and experimental parameters influen
ing the cross-peak intensities. When the natural abundant c:
bon spectra can be obtained and show enough spectral resc
tion, this approach can be useful in particular when distances
the order of 4—6 A are monitored.

The 2D-RFDR experiments have been performed on a sing
13C labeledp-xylene/Dianin’s inclusion compound. Dianin’s
compound (4p-hydroxyphenyl-2,2,4-trimethylchroman) is an
organic clathrate, in which a large variety of small molecule:

FIG.1. One cage of thp-xylene/Dianin’s inclusion compound. The guestcan be included20). In Dianin’s inclusion compound six host
p-xylene molecule is visible at the center of the cage, and'felabeled  olecules from an hourglass-shaped cage. The ends of e
methyl carbon is pictured as a ball. .

cage are formed by six hydrogen-bonded hydroxyl groups
which belong to six host molecules successfully pointing uj

and down with respect to the plane of the hexagonal OH ring

of the spins and their relative orientations with respect to thﬁ1 inclusi d wit | tai ¢
internuclear vector, we should expect that RFDR is less influ- e inclusion compound witip-xylene contains one gues

enced by chemical shift changes thah R molecule per host cage, as is visualized in Fig. 1.
In this publication we report RFDR experiments tic— The room temperatur€C NMR spectrum of the labeled

13C pairs in a singly labeled inclusion compound where tH¥XYleéne/Dianin’s inclusion compound is shown in Fig. 2,
carbon pair density is low (the smallest average distantQ@ether Wlt-h the chemical structure of Dianin’s molecu-le
between two labeled®C is about 8 A), and the distances?nd the assignment of the host molecule carbons, followin
between the carbons in a pair are largemttdaA (without the work of Barkeret al. (21) and our recent study of this
the presence of intermediate carbons). This is accomplisHgglusion compound by solid state NMR and molecular
by inclusion of singly labeleg-xylene molecules at one of modeling €2).
the methyl positions in the void cages of Dianin’s com- In the next section we describe the details of the experimel
pound. These methyl carbons do not experience any sigriil procedures. Then the theoretical aspects of our RFD
icant molecular motion1(9). In this case we expect the valuecalculations and results of the 2D-RFDR are presented, fo
of T5% to be large and, as will be shown, the experimentédwed by the analysis of the data.
RFDR decay signals of the natural abundant Hd&tnuclei
to provide nuclear distances.

Two-dimensional magnetization exchange experiments,

with the RFDR sequence in the mixing time, is commonly used 7 + ortho/meta
for the detection of carbon—carbon proximities in isotopically 12 10
enriched samples5(15. After generation of**C transverse 5 4 16

magnetization by cross polarization from protons and an evo-
lution timet,, a 7/2 pulse flips the magnetization back to the T
z direction just before the mixing period. During this period of 132 130 128 ppm

length 7, the SEDRA sequence is applied and at the end an ‘\

para

additional /2 pulse rotates the magnetization to theplane

where the signal is acquired during the detection titpe

Double Fourier transformation of the data results in diagonal s
and cross peaks between the isotropic chemical shifted lines of
the interacting nuclei as in liquid state NOE specfta The r
dependence of the cross-peak amplitudes can, in principle, be
used to estimate internuclear distances. Although these 2D
experiments are in most cases applied on uniformly enriched L
samples, they can of course also be applied to single spin pairs.” ! ‘ ‘ ‘ ‘ ‘ :

In this study we apply 2D-RFDR on single spin pairs in order 160 140 120 100 80 60 40 20 ppm

to determine nuclear distances. The reason for doing so is ﬂr%lG. 2. The chemical structure of Dianin’s compound, and our assignmer

. 13 . .
that by singly™“C labeling a set of distances can be detectgflihe 13 MAS NMR spectrum at room temperature. THe-labeled methyl
simultaneously between this carbon and its neighboring natuired is truncated.
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MATERIALS AND EXPERIMENTAL TABLE 1
Chemical Shift Anisotropy Tensor Components and Nuclear
Thep-xylene/Dianin’s inclusion compound was prepared bistances (between Host Carbons and the Guest *CH;) Consid-
recrystallization of the guest-free Dianin's compound first frorered in the Simulations
a solution of unlabeleg-xylene and then from a solution of

) e 3 . o o o Host r (to *CHy)
pxylene, slp3eC|f|caIIy1 C labeled at one of the methyl posi (k|i|(>z() (kHY;) (kl_zé) carbon A 3
tions (99%°C, referred to henceforth as labelpeylene).

13C NMR spectra were recorded on a Bruker DSX-308uest *CH, 03 10 -13 —
AVANCE spectrometer at a frequency of 75.47 MHz, using &liphatic quaternary 0.0 02 -02 C1 55
BL 4-mm Bruker MAS probe. The spinning speed was cofyomatic C-H 17 62 -79 CI3 4.4
trolled by the Bruker Pneumatic Unit with an accuracy+d? gi: g;
Hz. Variable amplitude cross-polarization (VACP) sequenc@smatic c— 20 66 -86  Cil1 57
were used to generateC magnetization, with a proton rf cl4 4.1

irradiation field of 86.2 kHz /2 pulse= 2.9 us) and a CP
contact time of 4 ms. Proton decoupling, with the same rf

intensity, was accomplished with the two-pulse phase-modu- ) ) .
lated (TPPM) scheme2@). The 2D-RFDR spectra were ac_evaluatediby calculating the gxpectatlon values of the lowerin
quired with a rotating speed of = 6200 Hz. The rf field in OPeratorS™ after the application of an RFDR pulse sequenc
the carbon channel was 55.6 kHz for th#2 pulses (4.5) of lengtht on .the initial statd , of the'c.a.rbon. pair in a sg'g of
and 28.9 kHz for the recoupling pulses (17.3s). The lower single crysta!lltes. We agsumed the initial signal !ntensmes C
power (one-third of the Hartman—Hahn matching condition) dpe carbqns In thé-S Spin pair to be e'qual..The time-depen-
the recoupling pulses is crucial in order to minimize the effecti€nt S-spin signal of a single crystallite, with a CSA tensor
of cross polarization to protons during the mixing tingf)(  °rientation defined by the Euler angle, (8, v) in the rotor
The recoupling pulses applied during the mixing time, whictiame. after the RFDR sequence can be expressed7as (
varied between 16 and 96 rotor cycles (2.5-15.5 ms approxi-

mately), were given according to the XY-16 scheme in order to S(7) F*(y) f(wgrt + ), [1]
diminish the effects of pulse imperfections and of resonance _

offsets in echo formations26). The spectral width was 240 wheref (wgt) = = ,d.e"“* is the signal fory = 0 due to the
ppm in bothw,; and w, dimensions. Sixteen scans were accUsSA interaction only, and5(r) is a function that oscillates
mulated for each of the 25§ steps, with a 4-s delay betweerbetween 0 and 1 with an RFDR frequency, that is, a functio
scans. 2D phase sensitive spectra were obtained with the TPRall dipolar, CSA, and pulse paramete?8); A zero isotropic
method, and 2048 512 points spectra were generated. Althemical shift value is assumed. The RFDR signals are ol
chemical shifts were referred by setting the glycine carboxidined by integration over all anglék = («, 3, y) on a sphere
resonance line at 176.04 ppm. (powder signal) and can be evaluated and expanded as

THEORY AND SIMULATIONS

R(7, t) = JS(T) 5 (t) f(wpt + y)dQ = > I (7)™, [2]
Simulations of the carbon spectra were carried out with a n
FORTAN program that takes into account all necessary exper-
imental parameters, such as sample rotation frequency, isotuere I (7) are the center and sideband intensities of th
pical and anisotropical chemical shift parameters, dipolar ipewder MAS spectra. After the mixing time the value of this
teraction strengths, pulse lengths, timings, and rf field strengthsaction (att = 0) gives the total intensity of th&-spin
The chemical shift anisotropy (CSA) tensor parameters of albectrum and varies from 0
carbons were estimated, using typical values reported by Dun-1D-RFDR buildup curve&(r, t) of the-S spin pairs were
can @6). The distances between th¥-labeled carbon of the simulated for single crystallites, and powder signals were ot
guest methyl group and the host carbons were derived fraained by integration with the method of Cheapal. (29).
X-ray data as described in Ref23). In Table 1 the CSA  The nuclear distances considered in this publication are &
parameters and nuclear distances used in this study are slarger than 4 A, resulting in dipolar interactions smaller thar
marized. 120 Hz. To check the sensitivity of the RFDR cunik&r, 0)

To determine the nuclear distances we performed TP&i changes in the relative orientations of the chemical shift an
2D-RFDR experiments for different mixing times To ana- dipolar tensors, we performed a set of simulations by varyin
lyze the data we first calculated the 1D-RFDR dephasinige Euler angles of one of the CSA tensors and the polar angl
curves for the different host—guess and I, respectively, of the dipolar vector. In our experiments one of the spins (th
carbon pairs. For these simulations epin signalsS(7) were labeled methyl guest carbon) has a very small CSA tensc
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parameters, is at an off-resonance value equakipthe signal
of a *3C-spin pair in a single crystallite & is given by

€0

a(f*(y) f(wgt; + ) + €41), [3]

o, / kHz

where we assumed that the initial amplitudesf the two spins
are equal.

6 Because of the TPPI phase cycling scheme, only the real p:
Aw [ kHz is detected:

FIG. 3. Contour plot of the dipolar recoupling of a spin pair as a function
of the difference between their off-resonances and of the highest component a[Re{ f* (’y) f(wrt, + y)} + COSAwtl]. [4]
o5, Of the CSA tensorqf constant, 0.65) of one of the spin§)( The

simulation was performed starting withzanagnetization of one spinl), and ] ) )
monitoring the grown of the magnetization of the other si@ndfter a RFDR  If we ignore the effect of the zero-quantum relaxation time

mixing time of 96 rotor cycles, for a dipolar coupling of 100 Hz, spinningT%Q, the powdert,-signal of a natural abundant (NA-spin

speed of 6200 Hz, H*C) of 28.9 kHz for the recouplingr pulses, and a carbon in the spin pair can be expressed and expanded as
chemical shift anisotropy for th8 spin as given in Table 1.

while the other spin can have CSA parameters according to a{Re{f*(7) flwrly + Y)}(1 — S(7)) + cosAwt;S(7)}

Table 1. For some typical isotropic chemical shift differences

Aw and spinning speeds\2 > wg > 0.5Aw and with dipolar X f* (wrty + 7) flor(ty + t) + y)dQ

interactions smaller than 120 Hz these simulations indicate that _ S {F(nwg, Mwg) + F(Aw + Nwg, Mag)gnergimert

the asymmetry parameter of the host carbon tensgtg (the o

relative orientation of the host and guest carbon CSA tensors, [5]

and the relative direction of the dipolar vector connecting the

I andS nuclei do not influence the magnitude of the 1D-RFDRlumerical powder integration of Eq. [5] is necessary tc

results by more than 2—-3%: In our simulations we therefogbtain the exact intensities of the center and sidebands in ti

considered only the CSA and isotropic chemical shifts of tigpectrum. However, according to the 1D-RFDR calculation

host carbons and the strength of the dipolar interaction. THg can assume that it is sufficient for our spin pairs tc

dependence dR(r, 0) on the CSA and\w parameters, while restrict ourselves to the detection of the ratios between tr

keeping the spinning speead{ = 6.2 kHz) and the anisotropy Powder cross peak centerbakg(Aw, 0) and the diagonal

of the tensor s = 0.65) constant, is demonstrated in Fig. 3€ak centerband~,(0, 0). By considering this ratio, we

A contour plot ofR(, 0) for r = 15.5 ms as a function of the €xpect to compensate for two effects: the lack of knowledg

largest component of the CSA tenser,{) and of the isotropic 0N the actual intensities of the cross peaks at large RFD

chemical shift differencdw is shown. Very little dependenceMixing times and the effects caused by pulse imperfection:

on the CSA tensor strength, especially wles is in the range Thus,

8-11 kHz, is observed. The major dependence is clearly on the

isotropic chemical shift difference showing maximifr, 0) Fo(Aw, 0)  R(r, 0)

values close to the rotational resonance condition. Fo(0,00 1—-R(7,0)° [6]
The 7 dependence of the RFDR signal, corresponding to

R(7, 0), can be obtained by measuring tBespin signal Thjs will be valid when the magnitudes of the CSA compo-
immediately after the RFDR pulse sequences or by monitoriR@nts are of the order of the spinning speed or smaller and tl
the intensities of the centerbands after Fourier transformati@fipolar interaction is small. The validity of this expression for
lo(7). A set of simulations for the various CSAw, andwg large dipolar interactions and CSA values much larger than tt
values, relevant for our host—guest carbon pairs and withsginning speed still has to be examined. An extended study
dipolar interaction smaller than 120 Hz, have shown that thiee -dependence of the center and sideband intensities in t
differences between the two methods of detection is not m@B-RFDR spectra is necessary in order to find the experiment
than 3%. This is even so for the largest CSA tensor parametpegameters for which this approach is exactly valid. In partic
in Table 1. ular, the sidebands that are present because of the TPPI ph

The r-dependence of the intensities of the diagonal and crasgling can make the data analysis complicated. The time
peaks in the 2D-RFDR spectrum can also be estimated usiegersal TPPI experiment can improve the analysis, by elim
the expressions in Egs. [1] and [2]. Assuming that the hasation of sidebands and the pure absorption lineshapes in t
S-spin is on-resonance and the guésipin, with zero CSA 2D spectra30). In the next section we discuss our 2D-RFDR
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results of the'*C-spin pairs in thep-xylene-Dianin’s com- 7eo/m
pound. The experimental values of the ratio in Eq. [6] are in
principal dependent on the zero-quantum relaxation time. 14 16
However, we will show that for our spin system the agreement p+5’12\ 13
between experimental and theoretical results, following Eg. N\ 15 )
[6], is reasonable. © | " 19
@ '\ methyl’
RESULTS AND DISCUSSION ' ettt
() ‘

The pulse scheme for the 2D-RFDR experiment is given in
the bottom part of Fig. 4. In the top part of Fig. 4, we show the ®) |
2D-RFDR spectrum obtained for a mixing time of Bg ~ @)
15.5 ms. The off-diagonal sideband patterns described previ- e o ‘ ‘ :
ously are clearly seen, as well as the cross peaks between the 150 140 130 120 110 100 90 80 ppm
host and guest lines. The, slice at the resonant frequeney o2
of the gueSt_Iabele_d methyl carbon is shown at the tOp.Of thq:IG. 5. The w, slices of the 2D-RFDR experiment with different
2D spectrum. In Fig. 5 we show the 70- to 160-ppm region @fixing times: (a) 16, (b) 32, (c) 48, (d) 64, and (e) 96 rotor cycles. The line
r-dependentw, spectra at thev, chemical shift of the"*C-  atw, = 102 ppm is a spinning sideband of thic-labeled methyl carbon
labeled methyl guest carbons in the RFDR-2D spectra. Tlie at 20 ppm.
constaniw, slices were used because they had a b&ttéthan

the constanto, slices. The stack plot shows the growth of the ) ) )
cross peaks as a function effrom a short (a)r = 1.5 ms to host carbon lines that did not overlap with the gyestylene

a long (e)r = 15.5 ms mixing time. We analyzed only thosd€Sonances. Referring to the assignments made in Fig. 2, t
peaks at 131.5 ppm and 127.5 ppm have contributions bo

from guest para and ortho/metacarbons, respectively) and
host (C12 and C7, respectively) carbons and therefore are r
analyzed here. The strong line at 102 ppm in (&) is a spinnin
sideband of the labeled methyl spectrum. The lines we focuse
X 64 on were then those corresponding to C14, C11, C16, C13, C1
and C2. The MAS spectrum of C14 was the only one tha
ppm o . showed a clear spinning sideband, marked by, i the w,

slice. No line intensities other than the diagonal peak of th
guest methyl line¢, = w,) were observed outside this spectral

50+

window.

100 ) . ; As can be derived easily from Fig. 1, the ratio of guest tc
ol . . o host molecules is 1:6. Since the guest molecules are labeled
150, L . ﬁ only one of the two methyl positions -xylene, only half of

the host carbons are “close” to a labeled methyl carbon. Tht
200-] , only half of the NA*3C host carbons form isolated spin pairs

with the labeled methyl carbons. The methyC carbons are

‘ located onC; symmetry axes, relating three neighboring hos
200 150 100 50 ppm molecule. The carbon—carbon distances between *fi@
methyl carbons and the NA host carbons of the symmetr
related molecules are therefore equal.

H D\l ______________ TPPMDECOUPLING j The 2D-RFDR TPPI experiments were recorded for variou

VACP 2 | x 2 mixing times, and the ratios of the intensities of the cross-

| { 7777777 | [|  scquisition peak centerbands(w,, w,) to the diagonal peak centerbands
. , ‘ In . F(w,, w,) were plotted as function of, with w, the isotropic
Tt tgET t ' chemical shift of the guesfCH, carbons andy, that of the

host carbons. In order to account for half of the NA hos

FIG. 4. The 2D-RFDR pulse sequence (below) and the spectrum obtainegrbonS that do not experience”&-labeled guest carbon at
for a mixing time of 9 = 15 ms. The off-diagonal sideband patterns are fheir proximities, we subtracted half of the intensities of the
consequence of the TPPI scheme used for the 2D data collectionwIhe™ | p ! o . . .
spectrum aw, = 20 ppm (cross peaks of tH&C-labeled methyl carbon) is diagonal centerbands at mixing time= 0 from the intensities

shown at the top of the 2D spectrum. of all diagonal centerbands. Despite thepulses, the non-
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040 —— 020 —— without the evaluation of this relaxation effect. For the hos
z:: ::: carbons which are 4-5 A away from the guest-labele
ool 0os | carbon, the resulting distances fall within0.2 A from the
oo 0.00 known distance, while for the host carbon 5—-6 A away, the:
I S O fall within =0.3 A. The good agreement between the ex
S a0l B oas| oM perimental and simulated results is an indication that th
;° 020 o0} XY-16 phase cycling and the reduction of the RFDR pulse
L0 ool / intensities were sufficient to eliminate the effects caused b
f:' 1 2 a 4 8§ 6 0 1 2 3 4 5 & pulse imperfections, off-resonance values, and undesire
2:2 po 2:: - cross polarization on the data.
0zol | ool To generalize the 2D-RFDR approach for distance measur
010 / 0| _— ments, 2D spectra must be simulated, and the effect of tt
000l e S0 = presence of sidebands must be studied for CSA tensors mu

XY16 cycles XY16 cycles larger than the spinning speed and dipolar interactions larg
than 120 Hz. In addition, the numeric evaluation of the homo

FIG. 6. Calculated versus experimental results of RFDR for different
carbons in the host crystal @Fxylene/Dianin’s compound. The experimen-

nuclear linewidth, taking into account dipolar coupled multi-

tally measured ratioFo(w,, w,)/Fo(ws ®,), Where o, is the isotropic SPIN Systems, is necessary to get a better estimate of the eff

chemical shift of the guest-labeled GHindw, the isotropic chemical shift of Of T52 on the experimental data.
the host carbons (in the calculations, = Aw and w, = 0). Solid lines
represent simulations, asterisks experimental data. The lines were calculated
for the distances given in Table 1 (middle line) and for overestimated (upper

line) and underestimated (lower line) distance values. For host carbons C1

4, .
C15, and C13 the under-/overestimation was6t2 A, and for C16, C11, and This work was supported by a grant from the G.I.F., the German Israe
C2,+ 0.3 A. Foundation for Scientific Research and Development.
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