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The application of short composite pulse schemes (90°x–90°y–90°x
nd 90°x–180°y–90°x) to the rotational echo double-resonance
REDOR) spectroscopy of X–2H (X: spin 1

2, observed) systems with
arge deuterium quadrupolar interactions has been studied exper-
mentally and theoretically and compared with simple 180° pulse
chemes. The basic properties of the composite pulses on the
euterium nuclei have been elucidated, using average Hamilto-
ian theory, and exact simulations of the experiments have been
chieved by stepwise integration of the equation of motion of the
ensity matrix. REDOR experiments were performed on 15N–2H

n doubly labeled acetanilide and on 13C–2H in singly 2H-labeled
cetanilide. The most efficient REDOR dephasing was observed
hen 90°x–180°y–90°x composite pulses were used. It is found that the
ephasing due to simple 180° deuterium pulses is about a factor of
less efficient than the dephasing due to the composite pulse

equences and thus the range of couplings observable by X–2H
EDOR is enlarged toward weaker couplings, i.e., larger dis-

ances. From these experiments the 2H–15N dipolar coupling be-
ween the amino deuteron and the amino nitrogen and the 2H–13C
ipolar couplings between the amino deuteron and the a and b
arbons have been elucidated and the corresponding distances
ave been determined. The distance data from REDOR are in
ood agreement with data from X-ray and neutron diffraction,
howing the power of the method. © 1999 Academic Press

Key Words: 2H REDOR; composite pulses; acetanilide; 13C–2H
istances; 15N–2H distances.

INTRODUCTION

In recent years solid state nuclear magnetic reson
NMR) methods (1–4) have become an important tool
tructure determination in solid systems, in particular w
hese systems exist in an amorphous or disordered p
hich cannot easily be studied by X-ray diffraction techniq
oreover, solid state NMR has become, in conjunction

nelastic neutron scattering, the primary technique for stud
roton or deuterium positions in solids, because of the w
nown problem in locating hydrogen atoms of X-ray sca
ng. Some recent examples are the localization of proton
euterons in H-bonded systems (5, 6).
There are two main interactions in NMR spectroscopy

1 To whom correspondence should be addressed.
54090-7807/99 $30.00
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an be used to determineX– H or X– H distances between
5 1

2 nucleusX and a neighboring proton or deuteron, nam
he chemical shift and the nuclear magnetic dipolar interac
he value of the chemical shift interaction is very sensitiv
tructural features such as the primary and secondary stru
f molecules. For example, it has been shown recently

sotropic 15N chemical shielding can be used to determ
15N–1H or 15N–2H distances (7, 8). However, there is no ea
irect way to interpret the CS data in terms of nuclear

ances, because calibration measurements on systems
ell-known distances are needed to correlate these da
istances. Nuclear dipolar interactions, on the other hand
irect geometrical information about intra- or intermolec
istances. Thus the study of these interactions between1H–X
nd 2H–X is generally much more informative than CS da
For simple systems consisting of pairwise2H–X-labeled
olecules, the values of dipolar interactions can be obtain

imply recording the static NMR powder spectra and analy
heir lineshapes (9, 10). It is advantageous to record theX-spin
pectra, because it is nearly impossible to elucidate any di
ouplings from broad2H spectra, because of the strong q
rupolar interactions of the deuterons. In many system
ipolar interactions are much smaller than the chemical
nisotropy of theX spin, making it difficult to resolve th
ipolar interaction in static solid state NMR spectra. T
roblem was already overcome in the sixties by the intro

ion of the spin echo double-resonance experiment (SED
11) technique and by separated local field experim
12, 13).

When more complicated systems with several inequiva
euterons and/orX nuclei are investigated, or when it is n
ossible to label only the interesting2H positions, specia
igh-resolution solid state NMR techniques can be emplo
y far the most important of these techniques is the rotat
cho double-resonance (REDOR) experiment (14, 15), which
onitors the dipolar interaction of spin pairs during ma
ngle spinning (MAS), often combined with proton–X cross-
olarization (CP-MAS) (16) to enhance theX-spin signals. Th
ipolar REDOR dephasing of the signals is accomplishe

he application of two 180° inversion pulses during each r
eriod.
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55DEUTERIUM REDOR
So far, most REDOR studies have been concerned wiIS
airs of spin-12 nuclei, the main reason being that the la
uadrupolar interaction of spins withS . 1

2 complicates th
nterpretation of the REDOR data, because of the ineffic
nversion of the 180° pulses on these nuclei. For spin pairs

. 1 it is now common to apply the rotational echo adiab
ulse double-resonance (REAPDOR) method (17, 18).
For the study of the spin pairX–2H (with S 5 1

2 andI 5 1),
wo REDOR schemes have been suggested: the observa
he 2H nucleus, while all 180° pulses are applied to thX
ucleus (19), or the observation of theX nucleus, while the2H
ucleus is pulsed (19–23). The advantage of the first expe
ent is that only moderateB1 fields that are larger than t
SA dispersion are sufficient for spin inversion. In t
EDOR experiment the presence of2H quadrupolar interactio
f order 100–200 kHz results in2H MAS spectra with ca
0–40 rotational sidebands for moderate spinning freque
f ;5 kHz. The widths of these sidebands make it difficu
esolve the spectra of different2H sites in the sample. Spect
esolution between different2H sites therefore requires sele
ive deuterium labeling. However, this is feasible only in so
ortunate cases, while for the majority of systems it is scar
chieved. For example, most of the hydrogens involved in

ormation of H bridges are easily exchanged and sele
abeling ofX–2H spin pairs is impossible or at least a sev
ynthetic problem.
From these considerations it follows that REDOR exp
ents that monitor theX nuclei and irradiate the2H nuclei hold
romise forX–2H REDOR spectroscopy (19–23). In experi-
ents of these types, it is possible to measure the di

ouplings even when several inequivalent deuterons
resent. However, the problem with this approach is that
trongB1 fields are necessary for faithfully inverting the2H
uclei, something that is not available in commercial tri

uned probes.
The application of phase cycling schemes (24), such asXY-8

r XY-16, is notsufficient to compensate for the influence
he large quadrupolar broadening on the REDOR dec
hese schemes are used mainly to correct pulse imperfe
nd the effects of small CS values. A solution to this prob

s to use composite inversion pulses (25–27). To improve the
-spin REDOR dephasing, composite pulses can be us
ubstitute the simple 180° pulses on the deuterium spins
onrotating samples there are several elaborate com
ulse schemes available for the inversion of quadrupolar s
uclei (26, 27). For rotating samples only the short compo
equences are suitable, due to the time restrictions implie
he sample rotation.

We have explored this experimentally by performing stu
f 15N–2H in doubly labeled and13C–2H in singly and doubly

abeled acetanilide. To analyze the REDOR decay signa
ave simulated the evolution of these data, using a num

ntegration of the equation of motion of the density matrix
nt
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ddition, average Hamiltonian theory is used to understan
ain features of theX-spin REDOR decays.
Acetanilide (Fig. 1) has been chosen for several reason

t has only one exchangeable hydrogen, which makes sp
abeling easy; (ii) it is a molecule with a large deuteri
uadrupolar interaction (146 kHz) and with different type
arbons, making it a good example for this type of experim
iii) it has a known crystal structure (28–30), allowing a
omparison of NMR and diffraction results; and (iv) it h
avorable NMR parameters, such as relatively short relax
imes and well-separated13C spectral lines (9, 10).

The rest of the article is organized as follows. After
ntroduction, the theoretical background necessary for un
tanding REDOR measurements onX–2H spin systems i
iven, followed by the numerical methods used. After
verview of the experimental setup, experimental results
resented, discussed, and summarized.

THEORY

ulse Sequences

As mentioned before, the main problem ofX-spin-detecte
–2H REDOR experiments is the relatively lowB1 field
trength that can be obtained in our triple-tuned probes fo
xcitation of the deuterons. In our case the2H B1 field was
etween 30 and 40 kHz, which is about four to five tim
maller than the2H quadrupolar interaction in our sampl
his leads to poor excitation of the2H NMR spectrum. Thi
ituation is a little improved in MAS experiments, where
uadrupolar frequencies are time-dependent during the p
owever, in rotor-synchronized irradiation schemes the s
re always excited when they experience the same freque
o improve this excitation profile we performed experime
nd calculations with composite pulse sequences. In the
ture one can find a variety of composite pulse sequence
re efficient for the inversion of2H nuclei in nonrotating
amples (26, 27). The application of these sequences in M
xperiments is generally not feasible when the length o
equence becomes comparable to the rotation period
herefore chose to use the simple composite sequencesx–
80y–90x and 90x–90y–90x for the inversion of the2H nuclei.
he actual pulse schemes used for the irradiation in
EDOR experiments are shown in Fig. 2.

FIG. 1. Molecular structure of acetanilide.
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56 SACK ET AL.
A heteronuclear spin pair with a spin-1
2 nucleusI (for exam-

le, 13C or 15N) coupled to a spin-1 nucleusS (for example,2H)
n a solid has a high-field MAS NMR Hamiltonian of the fo

H~t! 5 vD~t! z 2I zSz 1 1
3vQ~t!~3Sz

2 2 2! 1 HRF~t!, [1]

here the last term represents a set of RF pulses applied t
pins and the time-dependent coefficients are due to the s
pinning; vQ(t) is the quadrupolar interaction andvD(t) the
ipolar coupling between theI andSspins. Terms correspon

ng to off-resonance and chemical shift anisotropy param
re not essential for the forthcoming discussion and are t

ore omitted.
The dipolar coupling coefficientvD(t) depends on the di

ance between the two spins and the time-dependent anglq(t)
etween the internuclear vector and the external magnetic

vD~t! 5
m0

4
\

g Ig S

r 3 ~3 cos~q~t!! 2 2 1!

5
D

2
~3 cos~q~t!! 2 2 1!. [2]

etection of theD coefficient provides the internuclear d
ance. The sample spinning removes the effect ofD on the
AS FID signal by averaging the dipolar interaction to ze
he effect can be recovered by applying a set of RF pulse

nterferes with the averaging of the dipolar interaction in
ourse of the MAS experiment and results in an effec
ipolar signal decay.

umerical Methods

For full quantitative evaluation of theX–2H REDOR data
umerical simulations are necessary. These are done by

ng the equation of motion of the density matrix of the two-s
ystem considering all experimental parameters, such a
ample rotation frequency, the RF irradiation pulse lengths
ntensities, and the quadrupolar interaction strength. F

FIG. 2. Pulse sequences used for theX–2H REDOR experiments.
oth
ple

rs
re-

ld:
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nd
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ariety of dipolar interactions REDOR decay curves w
alculated and compared with the experimental results.
ause of the quadrupolar interaction and the relatively low
elds, the universal REDORDS/S curve (14, 15) cannot be
sed in this case.
The spin propagators for one rotation period of the diffe

teps of the experiment have been calculated by step
umerical integration (Dt 5 1 ms constant time steps) of t
pin density matrix equation. The REDOR decay signals
valuated as a function of the number of rotor cycles
epeated application of these propagators. TheB1 field strength
n the calculations was chosen in such a way that the pro
f the experimental duration of the RF pulses and theB1 field
re equal top or p/2 (i.e.,gB1 nDt 5 p or p/2) for spins on
esonance. For the powder integration, summations o
ignals from single crystallites, defined by their Euler angle
he rotor frame, were performed using the method of Cheet
l. (31). The set with 200 triples of Euler angles was use
imulate the data in the course of the data-fitting process.
as sufficient to give a good approximation of the experim

al data in a reasonable CPU time. The final simulations
erformed with the set of 1154 angle triples. The typical t

or a simulation of a decay curve is approximately 750 s
entium 200. The errors of the determined dipolar coup
ave been estimated by determining upper and lower lim

he dipolar coupling strengths such that 70% of the experim
al data are enclosed within the limiting curves.

he Average Hamiltonian

Further insight into the effect of the application of compo
ulses to theS-spin system can be gained by analyzing
verage Hamiltonians of the spin system. To evaluate
esponse of the spin system to the Hamiltonian in Eq. [1]
ost convenient to eliminate the RF term by transforming

he toggling frame (32). This can easily be accomplished
ransforming the linear and bilinear operators in Eq. [1]
ording to the applied pulse sequence with

I z~t! 5 O
p5x,y,z

fp~t!I p, Sz~t! 5 O
p5x,y,z

gp~t!Sp, [3]

esulting in the toggling frame Hamiltonian (33, 34)

H T 5 O
p,q5x,y,z

vD~t! fp~t! gq~t!

3 2I pI q 1 1
3 O

p,q5x,y,z

vQ~t!~3gpq~t!SpSq 2 2!, [4]

ith gpq(t) 5 gp(t) gq(t).
For XY-4 REDOR experiments, with ideal 180° puls

pplied only to theS spin, thegz(t) coefficient becomes
imple step function equal to61, changing sign at the pos



t o,
e n
f

its
a

w or
s

s o
fi th
e

t ie
f

a

w e
S e
l

a
C he
t ,
0

as

i y

m al
d

l
the

t and
t y.
I
d ll
p
1 age
t
s

X

1 n
F e
a
f

d by
i The
r the
d ows
t
d an
a

w

a

57DEUTERIUM REDOR
ions of the pulses (33, 34). All other coefficients are zer
xceptf z(t) 5 1 andgzz(t) 5 1, and therefore the Hamiltonia

or this case becomes

H T~t! 5 vD~t! gz~t! z 2I zSz 1 1
3vQ~t!~3Sz

2 2 2!. [5]

This Hamiltonian commutes with itself at all times and
verage Hamiltonian for one rotor cycle becomes (32)

H ~0! 5 ṽDI zSz with

ṽD 5
2

T2 S2E
0

TR/2

vD~t!dt 1 E
TR/ 2

TR

vD~t!dtD , [6]

hereṽD is the orientation-dependent REDOR frequency f
ingle crystallite.
To proceed it is useful to rewrite the Hamiltonian in term

ctitious spin-half operators. Assuming a numbering of
igenstates as

1 ; ua, 1&; 2 ; ua, 0&; 3 ; ua, 21&;

4 ; ub, 1&; 5 ; ub, 0&; 6 ; ub, 21&, [7]

he Hamiltonian in Eq. [1] can be expressed in the conven
orm (omitting the RF term)

H~t! 5 H a~t! 1 H b~t!

H a~t! 5 2vD~t!I z
13 1 2

3vQ~t!~I z
12 2 I z

23!

H b~t! 5 22vD~t!I z
46 1 2

3vQ~t!~I z
45 2 I z

56! [8]

nd can be represented in matrix form as

H~t! 5 F H a~t! 0
0 H b~t! G , [9]

here theHa(t) andHb(t) operators are 33 3 matrices in th
-spin basis states withmI 5 1

2 andmI 5 21
2, respectively. Th

inear I x operator can be expanded as

I x 5 I x
14 1 I x

25 1 I x
36 [10]

nd is proportional to the initial density matrixr0 after the
P-MAS excitation of theI spin. In this representation t

hree terms ofI x connect states corresponding tomS equal to 1
, and21, respectively.
The zero-order Hamiltonian in Eq. [6] can be rewritten

H ~0! 5 ṽD~I z
13 2 I z

46! 5 ṽD~I z
14 2 I z

36!, [11]

nfluencing only theI x
14 and I x

36 parts of the initial densit
a

f
e

nt

atrix. This shows that theI -spin-detected REDOR sign
ecays only to1

3,

SREDOR~nTR! 5 1
3 1 2

3 cos~nṽDTR!, [12]

eaving theI x
25 term of the density matrix untouched.

In the case of pulses with finite lengths the form of
oggling frame Hamiltonian becomes more complicated,
he coefficientsf p(t) andgp(t) have to be calculated explicitl
n this publication we will discuss two examples ofI -spin-
etected REDOR experiments on anI–S spin system with a
ulses on theS 5 1 spin, implying thatf x,y(t) [ 0 andf z(t) [
. In particular we will discuss the effect of the aver

oggling frame Hamiltonian on the REDOR decay of theX-
pin signal.

Y-4 REDOR

First we consider the REDOR experiment with fourXY-4
80° pulses applied to theS spin during two rotor cycles. I
ig. 3 the time-dependentgp(t) and gpq(t) coefficients (se
lso Appendix A for the explicit form of thegp(t) andgpq(t))

or the toggling frame Hamiltonian of Eq. [4] are shown.
A zero-order average Hamiltonian can then be obtaine

ntegration of its coefficients over the two rotor periods.
esulting coefficients are functions of the exact forms of
ipolar and quadrupolar coefficients. Simple inspection sh

hat the terms involvinggx(t), gy(t), gxz(t), gyz(t), andgxy(t)
o not contribute toH (0). The remaining terms result in
verage Hamiltonian of the form

H ~0! 5 H a~0! 1 H b~0!

H a~0! 5 ṽD I z
13 1 ṽzz~I z

12 2 I z
23! 1 ṽxxI x

13

H b~0! 5 2ṽD I z
46 1 ṽzz~I z

45 2 I z
56! 1 ṽxxI x

46 [13]

ith

I x
13 1 I x

46 5 1
2~Sx

2 2 Sy
2!

~I z
12 2 I z

23! 1 ~I z
45 2 I z

56! 5 3Sz
2 2 2 [14]

nd

ṽD 5
1

TR
E

0

2TR

gz~t!vD~t!dt

ṽzz 5
1

3TR
E

0

2TR H gzz~t! 2
1

2
~ gxx~t! 1 gyy~t!!JvQ~t!dt

ṽxx 5
1

2TR
E

0

2TR

~ gxx~t! 1 gyy~t!!vQ~t!dt. [15]
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58 SACK ET AL.
he finite pulse lengths influence the average Hamiltonia
q. [6] by reducing the dipolar frequencyṽD and by adding
uadrupolar and a double-quantum term. While theṽ zz term
as no effect on theI -spin signal, theṽ xx double-quantum term
an have a large effect. For the extreme casevQ @ v1 it
ollows that ṽD ! ṽ xx and the double-quantum eleme
˜ xxI z

13,46 become the dominant term inH (0). In that caseHa(0)

Hb(0) and the initial spin density matrix is hardly influenc
y H (0). The exact zero-order solution for the problem
alculated by diagonalizing the Hamiltonian. A straightforw
alculation reveals that the REDOR signal of a single cry
ite develops as (againS(0) 5 1)

SREDOR~2nTR! 5
1

3
1

2

3
~cos2f cos(ṽD

eff z 2nTR! 1 sin2f!

tan21f 5
ṽxx

ṽD
; v D

eff 5 Îṽ D
2 1 ṽ xx

2 . [16]

he I x
25 term of the density matrix remains unaffected and

owder signal reaches a value of1
3 1 2

3^sin2f&, where^sin2 f&
s the powder average of the sine squares for all single
allites. In a powder sample the different crystallites will de
ith different rates and will reach different values, depend
n theirvQ(t) values. The overall decay of the REDOR po
er signal for large quadrupolar interactions will therefore s
own and will not reach the13 value, as expected for sm
uadrupolar interactions.

omposite Pulse REDOR

The use of composite pulses will increase the inver
fficiency of the 180° pulses onS spins with large quadrupol

FIG. 3. Time-dependentgp(t) andgpq(t) coefficients (p, q 5 x, y, z) of th
n explicit description of the time dependence of the coefficients is giv
in

l-

e

s-
y
g

n

requencies and will generateI -spin REDOR signals that a
roach the zero-quadrupolar REDOR decay curves. As
ected these pulses result in an increase of the overall r

he powder REDOR decay. In addition they cause the RED
ignals to decrease beyond1

3, indicating a decay of theI x
25 terms

f the density matrix. In order for theI x
25 part of theI spins to

ecay, additional terms must appear in the average Ham
ian. A term of the formI z

25 in H (0) could cause this addition
ecay; however, this operator does not appear in the zero-
amiltonian, because the quadrupolar terms in theHa andHb

locks must have the same form. We therefore expect
ther types of interaction terms influence theI x

25 coherence. T
emonstrate this we choose to describe the composite
EDOR sequence,

$90y90x90y% 2 1
2TR 2 $90x90y90x% 2 1

2TR 2 $90y90x90y%

2 1
2TR 2 $90x90y90x% 2 1

2TR, [17]

nd show in Fig. 3 thegp(t) andgpq(t) coefficients of itsHT(t)
see also Appendix A for the explicit form ofgp(t) andgpq(t)).
he toggling frame Hamiltonian in this case has the same
s in Eq. [4], and the zero-order average Hamiltonian bec

H ~0! 5 H a~0! 1 H b~0!

H a~0! 5 v D
(0)I z

13 1 v zz
~0!~I z

12 2 I z
23! 1 v xx

~0!I x
13

1 v xy
~0!I y

13 1 v xz
~0!~I x

12 2 I x
23! 1 v yz

~0!~I y
12 2 I y

23!

H b~0! 5 2v D
(0)I z

46 1 v zz
~0!~I z

45 2 I z
56! 1 v xx

~0!I x
46

1 v xy
~0!I y

46 1 v xz
~0!~I x

45 2 I x
56! 1 v yz

~0!~I y
45 2 I y

56! [18]

oggling frame Hamiltonian, Eq. [4]. Left,XY-4 REDOR; right, CPL REDOR
in Appendix A.
e t
en
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59DEUTERIUM REDOR
ith

~I x
12 2 I x

23! 1 ~I x
45 2 I x

56! 5
1

Î2
~SxSz 1 SzSx!, [19]

here theI y
i , j operators contribute to the imaginary part of

atrix elements ofI x
i , j . The coefficients of Eq. [18] are int

rals of the same type as in Eq. [15].
To investigate the improvement of the REDOR depha

ue to the application of the CPL (composite pulse) seque
e must thus examine the effect of the single-quantum

erms withv xz, v yz in Eq. [18] on the spin system. These ter
ppear inH (0) in addition to the terms of Eq. [13]. In Fig. 4 t
agnitudes of the various matrix elements of the ave
amiltonians in Eqs. [13] and [18] are compared for so
rbitrary crystallite orientation. This figure shows that
agnitudes of the coefficients of the double-quantum (

FIG. 4. Magnitudes of the various matrix elements of the average H
ltonians in Eqs. [13] and [18] are plotted for different orientations of
uadrupolar principal direction (b is given wrt the rotor main direction). Th
ffect of the CPL sequence on two differentB1 fields is shown for the dipola
ector oriented 60° from the quadrupolar principal direction.f 5 0°, g 5 10°,
5 0°.
g
es,

)

e
e

)

ff-diagonal terms are much smaller in the CPL case tha
he case ofXY-4. According to the expression for the REDO
ignal in Eq. [16], this decrease will increase the ove
EDOR decay of the powder by a reduction of the values of.
The SQ elements of magnitude=ṽ xz

2 1 ṽ yz
2 in the CPL

ase cause oscillations of theI x
25 term of r0. In the limit when

he SQ terms are larger than the dipolar terms, they will a
qualize the two HamiltoniansHa(0) andHb(0) and no REDOR
scillation can be expected. Thus the SQ matrix elements

nfluence theI x
25 term only when they are of the same orde

agnitude as the dipolar interaction elementṽD. Then a co
perative mechanism, involving both the dipolar interac
nd the quadrupolar interaction through the SQ elements
esult in a REDOR decay beyond1

3. This effect can be show
uantitatively for a single crystallite by a diagonalization of
atrix representations ofHa(0) and Hb(0) of Eq. [18], and a

ransformation ofI x to their diagonal representation. The
ults of such a calculation are shown in Fig. 5. In this figure
ero-order time-independent part of the REDOR signal is
ed as a function of Euler angleb of the quadrupolar tensor
he rotor frame. As can be seen, the contribution of the
lements reduces this part of the signal (solid line) to va
elow 1

3 for certain values ofb. The exact shape of this lin
epends on the polar angleu between the dipolar vector and t
rincipal direction of the quadrupolar tensor (u 5 30° in our
ase). The dashed curve shows the same contribution wh
Q terms are neglected in the calculation. We see that th
urves overlap in the regions where the dipolar term is s
seeṽD in Fig. 4). We should emphasize here that for la

FIG. 5. The normalized zero-order time-independent part of the RE
ignal S(`) is plotted as a function of the Euler angleb of the quadrupola
ensor in the rotor frame. The solid line shows the calculatedS(`) resulting
rom the zero-order average Hamiltonian in Eq. [18]. The dashed line r
ents the same, while omitting the SQ terms in the calculation. The valu
he parameters used in the calculation were QCC5 146 kHz for theI 5 1
pin,nd 5 1.64 kHz for the dipolar interaction constant between2H and 15N,
5 30° for the polar angle between principal direction of the quadrup

ensor and the dipolar vector,nr 5 4 kHz for the spinning speed, andB1 5 38
Hz for the RF field strength.
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ipolar interactions higher order effects become significan
he powder signals can decay toward zero. This can be s
y exact numerical simulations.
We can thus conclude that the CPL sequences indee

rove the powder REDOR decay rate and its overall decay
rst due to reduction of the DQ terms and the latter due to
ppearance of SQ terms in the average toggling frame H

onian.

RESULTS

X–2H REDOR experiments have been performed on do
2H–15N-labeled acetanilide (I ) (X 5 15N) and on singly2H
II )-labeled and doubly2H–13CO (III )-labeled acetanilid
X 5 13C). The 15N spectrum (not shown) of (I ) consists of a
ingle line, caused by the amide nitrogen. The2H quadrupola
cho spectrum (Fig. 6) exhibits a typical2H powder patter
ith a quadrupolar splitting of 146 kHz. Figure 7 displays
atural abundant13C CP-MAS spectrum of (II ), marking the

ines where a REDOR effect was observed. The RED
xperiments on the directly bonded spin pair2H–15N in (I )
ere performed mainly to compare the efficiency of the

erent pulse sequences. In the2H–13C REDOR experiments o
II ) the dephasing of the carbons, assigned in Fig. 7,
ccomplished by the use of the 90x–180y–90x composite puls
cheme.

2H–15N REDOR Results

Figure 8 compares the simulated and experimental and15N-
etectedS/S0 REDOR results of (I ) for the three pulse s
uences presented in Fig. 2 with the theoretical REDOR d
urves under the influence of ideal 180°d pulses. The symbo
ark the experimental data and the solid lines the simula
f the decay curves. The dashed line corresponds to thed-pulse
esult. All experiments and calculations have been perfor
ith 15N on resonance. In the simulations an axially symme
uadrupolar tensor, with its symmetry axis parallel to the

FIG. 6. Static 2H spectrum of acetanilide recorded (experiment and
lation with Q 5 146 kHz andB1(

2H) 5 100 kHz).
d
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m-
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e
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ond vector, was taken and the dephasing was evaluated
ipolar coupling of 1.64 kHz. For the three pulse sequenc
EDOR dephasing was found with an initial slope tha
lower than the calculated dephasing caused byd pulses on th
euterons by a factor of about 3–4. Another significant di
nce is that theS/S0 values approach zero in all the expe
ents and calculations with real pulses but reach1

3 for the d
ulses. The fastest dephasing is obtained for the 90x–180y–90x

omposite pulses, followed by results of the 90x–90y–90x

ulses. The dephasing of the simple 180x pulses is signifi
antly less efficient than the dephasing of the other two
uences. While the calculated REDOR decay curves o
omposite pulse sequences reproduce the experimenta
airly closely, the simulated dephasing of the 180x pulse gives
n underestimated value forS/S0 for larget values. A possibl

-

FIG. 7. 13C CP-MAS spectrum and spectral assignment of acetan
easured under the same conditions as the REDOR spectra (the asteris

pinning sidebands).

FIG. 8. REDOR results on15N–2H doubly labeled acetanilide. The sy
ols mark the experimental data and the solid lines the simulations of the
urves usingQ 5 146 kHz,B1(

2H) 5 37 kHz,B1(
15N) 5 31 kHz, andD 5

.64 kHz. The dashed line compares these decays to the decay corresp
o d pulses (i.e.,B1(

2H) @ Q).
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eason for the deviations at larget values is an addition
ephasing due to intermolecular couplings. We found in
alculations that the actual decay curves depend rather
ally on the values of the quadrupolar frequency as well a
he B1 field applied to the2H atoms.

2H–13C REDOR Results

The carbon-detected2H–13C REDOR results can be divid
nto thea carbons C1 and C2, which are directly bonded to th
mide nitrogen, and theb carbons C3 and C4, which are two
onds away from the nitrogen. Figure 9 presents the resu

he 2H–13C REDOR experiments on thea carbons C1 and C2.
he experiments were performed on a13C-labeled sample (III )
t the a–CO position and on a nonlabeled sample (II ). The
0x–180y–90x composite pulse sequence on the deuterons
mployed for these experiments. The solid line shows
esult of a simulation of the REDOR decay curve usin
ipolar coupling of 540 Hz. To cover most of the experime
oints a spread of about 80 Hz is necessary. The di

nteraction of 5406 40 Hz corresponds to a distance of 2.056
.05 Å.
Figure 10 presents the results from the natural abund

13C REDOR results of theb carbons C3 and C4 in (II ). As a
esult of the less perfect suppression of off-resonance e
ue to the simpleXY phase cycling there are some sm
mplitude oscillations in the dephasing visible in the de
urve of C4 (Fig. 10), which do not cause any problems in
valuation of the data, however. Despite the fluctuations i
xperimental results due to the small REDOR dephasing
4 carbons show a slightly faster decay than the C3 carbons
his suggests a difference between the CD distances of

wo carbon atoms. The solid lines mark the average resu
he simulations that best fit the experimental results. T
imulations correspond to a coupling of 2706 20 Hz for the C3

FIG. 9. 13C natural abundance2H-labeled REDOR results of the acet
lide a-carbons C1 and C2. Both carbons exhibit the same dipolar coupling.
olid line shows the simulation of the data usingD 5 540 Hz,B1(

2H) 5 33
Hz, B1(

13C) 5 33 kHz, andQ 5 146 kHz.
e
iti-
n

of

as
e

a
l
ar

ce

ts

y

e
he

se
of
se

arbons and of 3006 40 Hz for the C4 carbons, correspondin
o a nuclear distance of 2.586 0.06 and 2.496 0.12 Å,
espectively.

DISCUSSION

The REDOR dephasing of a spin-1
2 nucleus coupled to

euterium spin-1 nucleus is rather insufficient in the case
arge deuterium quadrupolar interaction and relatively w
80 pulses applied to each rotor cycle on the deute
EDOR and REAPDOR methods, in which all except for
80 pulse are applied in the spin-1

2 channel, could provid
lternative approaches that increase the dipolar dephasi

his publication we have reported the use of 90x–180y–90x and
0x–90y–90x composite pulses that replace standard
ulses on the deuterons. We have shown experimentall

heoretically that the application of these composite p
equences improves the REDOR dephasing significantly
mall and intermediate spinning frequencies (,10 kHz) and
F amplitudes down to 20 kHz the CPL sequences ca
ade much shorter than the rotor periods and can therefo
asily implemented into the rotor cycle. They can caus

ncrease of the overall REDOR decay rates of up to abou
imes the rates obtained with 180 pulses. Using the
equences we have measured in acetanilide13C–2H dipolar
ouplings in the range from 250 to 550 Hz, correspondin

13C and 2H atom pairs that are separated by two or th
ovalent bonds. The quantitative analysis of the experim
ata was performed by numerically solving the kinetic eq

ion of the density matrix under the influence of the vari
nteraction terms in the spin-Hamiltonian and finite RF p
engths. After careful calibration of all NMR parameters

easurement of the relevant NMR interaction tensors it
ossible to directly evaluate theX–2H REDOR results, withou

FIG. 10. 13C natural abundance2H-labeled REDOR results of the acet
lide b carbons C3 and C4. The carbons exhibit different dipolar couplings. T
olid lines show the simulation of the data usingD 5 0.27 kHz (C3) andD 5
.30 kHz (C4), B1(

2H) 5 33 kHz, B1(
13C) 5 33 kHz, andQ 5 146 kHz.



t ng
c

O
e d
d we
t n
d is
s
a e
o
a ,
t nc
T ow
d

ne
t lts
a pos
t ide
f utro
d tur
n en
T
( en
( R
r from
n res
N
d m
N
a

nc
b a
n

b th
d
e

rtial
a ight
d y (

ilide
f ture
d

ecay
c
s s, the
d They
a rien-
t olar
t
H
k g of
6 are
p eters
w rve.
T ces,
u ex-
p n.

ed. It
i ed to
t al
g ana-
l nce,
i the
s olute
s itu-
a lute
v peri-
m eu-
t of a
w e, a
d ave
b s de-
s dis-
t .

loyed
o or
s eak

e
i
p g an
a ffec-
t sur-
a ra-
t ese
e tita-
t ot

C
C
C
C
N

62 SACK ET AL.
he necessity of introducing any fit parameters or employi
alibration measurement.
Table 1 compiles the distances obtained from our RED

xperiments and compares them with distances obtaine
iffraction techniques. There are some discrepancies bet

he diffraction data. While the new X-ray (28) and the neutro
iffraction data (30) state that the C1D distance (see Fig. 1)
horter than the C2D distance and the C3D and C4D distance
re essentially the same, the older X-ray study (29) states th
pposite, i.e., the C1D distance is longer than the C2D distance
nd the C3 distance is longer than the C4 distance. In addition

here are strong deviations between the reported NH dista
hese differences can probably be attributed to the well-kn
ifficulty of localizing hydrons with X-ray spectroscopy.
For a quantitative comparison to our REDOR data the

ron diffraction data at 295 K (30) and NMR lineshape resu
t room temperature are particularly important, since the

ion of the hydrogens depends on temperature, as is ev
rom the difference between distances obtained from ne
iffraction at 15 and 295 K. Comparing the high-tempera
eutron diffraction data with our data shows good agreem
he observed difference between the C1D (2.019 Å) and C2D

2.051 Å) distances could not be resolved in our experim
2.05 6 0.05 Å). A slight discrepancy between our NM
esults for the ND distance to the NH distance obtained
eutron diffraction is observed. Neutron scattering measu
H distance of 1.007 Å (30) atT 5 295 K, while our REDOR
ata give 1.046 0.01 Å, corroborating previous results fro
MR lineshape analyses (9, 10) on 15N–2H doubly labeled
cetanilide.
There are two possible explanations for these differe

etween the NMR data and neutron diffraction data, which
ot necessarily mutually exclusive:

(i) The hydron is part of theONH. . . O|CO hydrogen
ond. It is well known that the positions of the hydron and
euteron in these bonds are different due to1H/2H isotope
ffects (8).

TABLE 1
Summary of Experimental Data

r /Å a r /Å b r /Å c r /Å d D/Hzd D/Hze r /Å e

1 2.132 1.936 2.039 2.019 564 5406 40 2.056 0.05

2 2.053 1.972 2.064 2.051 538 5406 40 2.056 0.05

3 2.603 2.474 2.513 2.499 297 2706 20 2.586 0.06

4 2.438 2.476 2.506 2.504 295 3006 40 2.496 0.12
1.08 0.896 1.020 1.007 1810 16406 40 1.046 0.09

16406 40f 1.046 0.09

a X-ray 295 K (29).
b X-ray 113 K (28).
c Neutron diffraction 15 K (30).
d Neutron diffraction 295 K (30).
e NMR 2H REDOR.
f 15N NMR lineshape analysis 295 K (9, 10).
a

R
by
en
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(ii) Fast vibrational motions of the molecule cause a pa
veraging of the dipolar interaction, which results in a sl
ecrease of the distance measured by NMR spectroscop5).

Besides this small difference the structure of acetan
ound from REDOR is in good agreement with the struc
etermined by scattering methods.
It must be emphasized that the calculated REDOR d

urves depend strongly on the value of the deuteriumB1 field
trengths in addition to its dependence on pulse setting
ipolar interaction strengths, and quadrupolar couplings.
lso depend, although to a lesser extent, on the relative o

ation of the dipolar vector with respect to the quadrup
ensor. For example, in the coupling regime of C3 and C4 (300
z), changes in the2H B1 field or quadrupolar coupling of61
Hz lead to a difference in the determined dipolar couplin
5 Hz, i.e., ca. 2%. Since the observed REDOR curves
ractically featureless there are various sets of param
hich are in principle capable of fitting the same decay cu
herefore, a direct quantitative evaluation of the distan
sing the CPL REDOR approach, is possible only if the
erimental NMR parameters of the system are well know
If this is not the case a second strategy can be employ

s evident that the decay curves of different carbons coupl
he same2H nucleus or to2H nuclei in the same function
roup are not independent of each other and should be

yzed with the same strength of quadrupolar interaction. He
t follows that the relative sizes of the couplings of spins to
ame type of deuteron can be elucidated even if the abs
izes of the couplings are difficult to determine. In most s
tions a calibration of these relative couplings to abso
alues can be performed by using either a calibration ex
ent on a chemically similar reference compound, with d

erons in the same functional group, or a measurement
ell-known distance in the studied molecule, for exampl
irect CD bond or a CND distance. In our system it would h
een possible, instead of simulating all decay curves a
cribed above, to use as an internal standard the known
ance between the carbonyl carbon C1 and the deuteron

CONCLUSION

It has been shown that, when composite pulses are emp
n the deuterons,X–2H REDOR is a powerful technique f
tudying molecular conformations of molecules, even for w

2H B1 fields and strong2H quadrupolar interactions. Th
nvestigated 90x–180y–90x and 90x–90y–90x CPL have
roven far superior to the simple 180 pulses, introducin
pproximately two times faster dipolar dephasing, thus e

ively enlarging the range of weak dipolar couplings mea
ble byX–2H REDOR spectroscopy. Using a careful calib

ion of all NMR parameters it is feasible to analyze th
xperiments directly by numerical simulations. For quan

ive applications ofX–2H REDOR on compounds, where n
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63DEUTERIUM REDOR
ll NMR parameters are known exactly, it is necessar
erform a reference experiment either on a standard comp
r alternatively on aX–2H pair with known distance in th
easured compounds themselves. As an experimental ex

he molecular geometry of acetanilide has been studied b
ethod and compared to diffraction data. In conclusion it
een shown thatX–2H REDOR spectroscopy is well suited

he localization of hydrons in organic compounds.

EXPERIMENTAL

ample

The synthesis of isotopically labeled acetanilide was
ormed by the standard procedures (35) of adding a solution o
cetyl chloride (either unlabeled or 99%13C(CO)-labeled from
hemotrade, Leipzig, Germany) in chloroform to aniline

her unlabeled or 99%15N-labeled, also from Chemotrad
issolved in chloroform and stirred in an ice bath. The add
as completed at a higher temperature of about 50°C.
olution was stirred for 1 h and the excess solvent remove
ield crystals of acetanilide which were recrystallized in wa
hese crystals were selectively deuterated in the excha
mide position by dissolving twice in excess CH3OD, waiting

or 2 h at room temperature, and then drying under vacu
fter this procedure the deuterium labeling was better
9%.
Due to the size of the acetanilide molecule, the expe

ntermolecular dipolar couplings are relatively weak. For
mple, the largest intermolecular15N–2H coupling can be es

imated as 37 Hz from the crystal structure, which has on
onnegligible influence on the REDOR dephasing of thX
ucleus for very long recoupling times. Therefore no iso
ilution of the samples was performed.

pectrometer

A detailed discussion of our homebuilt three-chan
MR spectrometer has been given recently (10). Here only
ome salient features are given. All experiments were
ormed at a field of 6.98 T, corresponding to a pro
esonance frequency of 297.8 MHz on a standard Ox
ide-bore magnet (89 mm) equipped with a roo

emperature shim unit. For the proton channel a Crea
lectronics 1-kW class C amplifier was used. For the15N or

13C channel a 1-kW class AB and for the2H channel a 2-kW
lass AB amplifier, both from AMT, were employed. A
mplifiers are equipped with RF blanking to suppress n
uring data acquisition. The static2H spectrum of acetan

ide was recorded with a homebuilt single-resonant2H NMR
robe using the 90x–90y echo sequence withB1(

2H) 5 100
Hz. All other experiments were performed using a Bru
riple-resonance NMR probe operating at room tempera
o improve the mutual RF isolation of the three chan
ommercial bandpass filters (Texscan) were employe
o
nd

ple
is
s

r-

-

n
he

r.
ng

.
n

d
-

a

e
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r-

rd
-
e

e

r
e.
s
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onjunction with homebuilt notch filters. The RF of t
bserved channel was fed through a crossed-diode dup
onnected to the detection preamplifier and through
lters into the probe. The other two channels were
irectly through the filters into the probe. The typical
ulse width was 6.5ms for all three channels, correspond

o 38-kHz B1 field in frequency units. For the proton d
oupling the 1H B1 was changed to 52 kHz to avoid u
anted cross-polarization by mismatching the Hartma
ahn condition and to improve the decoupling efficien
his was sufficient to remove1H–X dipolar line broadening
he repetition time of the experiments was 30 s for
cetanilide. All MAS spectra were recorded at a rota

requency of 5 kHz, employing standard CYCLOPS ph
ycling for data acquisition andXY phase cycling for th
EDOR pulses. The rotation frequency was controlled u
Doty spin rate controller. Deviations in the rotation f

uency were below 5 Hz. The spectra were measured by
ross-polarizing the observed nucleus from the protons
hen recording the signal of the observedX nuclei under proto
ecoupling. The application of phase cycling schemes24),

ike XY-8 or XY-16, in thedephasing channel, is not sufficie
o compensate for the influence of the large quadrupolar b
ning on the REDOR decays. We therefore used a comp
ulse approach in the dephasing channel in conjunction
umerical simulation of the REDOR decay curves. The C
ere phase cycled in theXY scheme and put mirror symmet
ith respect to the central echo scheme into the rotor per
s an advantage of this simpler phase cycling scheme f
ycle propagators have to be calculated in the numerical
ation of the data. From these spectra the decay curves

ndividual lines were determined and the REDOR decay cu
ere calculated by normalizing the decay employing the u

eference experiment without pulses in the dephasing cha

APPENDIX A

Explicit Representation of the Functions
gx(t), gy(t), and gz(t)

An XY-4 REDOR pulse sequence that is applied on th2H
pins during two rotor periods is shown schematically a
op of Table A1. The pulses with an intensityv p have a
engtht p 5 p/v p and are applied att 5 0, TR/ 2, TR, 3/ 2TR.
n the table the periodicgp functions are defined for all tim
ntervals①–⑧. The coefficientsgpq 5 gpgq are used in th
alculations.
A composite pulse sequence that is applied on the2H

pins during one rotor period is shown schematically a
op of Table A2. The pulses with an intensityv p have a
ength t p 5 p/(2v p) and are applied att 5 0, t p/ 2, t p,
/ 2t p, andTR/ 2, TR/ 2 1 TR/ 2, TR/ 2 1 t p, TR/ 2 1 3/ 2t p.

n the table the periodicgp functions are defined for all tim
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ntervals①–⑧. The coefficientsgpq 5 gpgq are used in th
alculations.

APPENDIX B

Derivation of Eq. [16]

In this appendix we present a short derivation of the exp
ion for the signal in Eq. [16]. The signal is equal to

S~t! 5 Tr~Sx~t!S
2!, [A1]

here the time dependence of the initial density matrixSx is
etermined by the average Hamiltonian, defined in Eq.
his Hamiltonian can be represented in matrix form in

TABLE A1
Explicit Representation of the Functions gx(t), gy(t), gz(t)

for the XY-4 REDOR

① ② ③ ④ ⑤ ⑥ ⑦ ⑧

t py TR/2 2 t p t px TR/2 2 t p t py TR/2 2 t p t px TR/2 2 t p

0 TR/2 TR 3TR/2 2TR

XY-4 REDOR sequence

gz gx gv

cos(vp/2*t) 0 2sin(vp/2*t)
21 0 0

2cos(vp/2*( t 2 TR/2)) 2sin(vp/2*( t 2 TR/2)) 0
1 0 0

cos(vp/2*( t 2 TR)) 0 sin(vp/2*( t 2 TR))
21 0 0

2cos(vp/2*( t 2 3TR/2)) sin(vp/2*( t 2 3TR/2)) 0
1 0 0

TAB
Explicit Representation of the Functio

① ② ③ ④

t p/2y t p/2x t p/2y TR/2 2 3t p/3
0

gz

① cos(vp/2*t)
② 0 s
③ 2sin(vp/2*( t 2 t p))
④ 21
⑤ 2cos(vp/2*( t 2 TR/2))
⑥ 0 2sin(v
⑦ sin(vp/2*( t 2 TR/2 2 t p)) 2cos
⑧ 1
s-

].
e

asis set defined in Eq. [7]. This 63 6 matrixH can be divided
nto two 3 3 3 matrices,

H a~0! 5
1

2 S ṽD 1 ṽzz 0 ṽxx

0 22ṽzz 0
ṽxx 0 2ṽD 1 ṽzz

D
H b~0! 5

1

2 S 2ṽD 1 ṽzz 0 ṽxx

0 22ṽzz 0
ṽxx 0 ṽD 1 ṽzz

D [A2]

ith

H ~0! 5 S H a~0! 0
0 H a~0! D [A3]

nd can be diagonalized by a matrixD,

D 5 S D 0
0 D 21 D [A4]

ith L 5 DHD21,

L a~0! 5 DH a~0!D 21

5
1

2 S ṽ D
eff 1 ṽzz 0 0

0 22ṽzz 0
0 0 2ṽD

eff 1 ṽzz

D
L b~0! 5 D 21H b~0!D

5
1

2 S 2ṽD
eff 1 ṽzz 0 0

0 22ṽzz 0
0 0 ṽ D

eff 1 ṽzz

D [A5]

A2
gx(t), gy(t), gz(t) for the CPL REDOR

⑤ ⑥ ⑦ ⑧

t p/2y t p/2x t p/2y TR/2 2 3t p/3
TR/2 TR

omposite pulses

gx gv

0 2sin(vp/2* t)

p/2*( t 2 t p/2)) 2cos(vp/2*( t 2 t p/2)
(vp/2*( t 2 t p)) 0

0 0
0 sin(vp/2*( t 2 TR/2))

*( t 2 TR/2 2 t p/2)) cos(vp/2*( t 2 TR/2 2 t p/2))
2*( t 2 TR/2 2 t p)) 0

0 0
LE
ns

C

in(v
cos

p/2
(vp/
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D 5 S cosf/2 0 2sin f/2
0 1 0

sin f/2 0 cosf/2
D [A6]

nd

ṽ D
eff 5 ~~ṽD! 2 1 ~ṽxx!

2! 1/ 2; tanf 5
ṽxx

ṽD
. [A7]

he matrix representation of the operatorSx has the form

Sx 5
1

2 S 0 I d

I d 0 D [A8]

ith I d a 3 3 3 unit matrix.
The signal in Eq. [A1] can be evaluated by insertion of E

A4–A7] and t 5 2nTR:

S~t! 5 Tr~De2iLtD 21SxDeiLtD 21S2!

5 Tr~e2iL b~0!tD 22eiL a~0!tD 2!, [A9]

hich has the explicit form of Eq. [16]:

S~t! 5 1
3 1 2

3 ~cos2f cosṽD
efft 1 sin2f!. [A10]
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