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The application of short composite pulse schemes (90;-90,-90;,
and 903-1807-90%) to the rotational echo double-resonance
(REDOR) spectroscopy of X—H (X: spin 3, observed) systems with
large deuterium quadrupolar interactions has been studied exper-
imentally and theoretically and compared with simple 180° pulse
schemes. The basic properties of the composite pulses on the
deuterium nuclei have been elucidated, using average Hamilto-
nian theory, and exact simulations of the experiments have been
achieved by stepwise integration of the equation of motion of the
density matrix. REDOR experiments were performed on *N-H
in doubly labeled acetanilide and on “*C-*H in singly *H-labeled
acetanilide. The most efficient REDOR dephasing was observed
when 90;-180,-90; composite pulses were used. It is found that the
dephasing due to simple 180° deuterium pulses is about a factor of
2 less efficient than the dephasing due to the composite pulse
sequences and thus the range of couplings observable by X-*H
REDOR is enlarged toward weaker couplings, i.e., larger dis-
tances. From these experiments the ?H-""N dipolar coupling be-
tween the amino deuteron and the amino nitrogen and the *H-"*C
dipolar couplings between the amino deuteron and the « and B
carbons have been elucidated and the corresponding distances
have been determined. The distance data from REDOR are in
good agreement with data from X-ray and neutron diffraction,
showing the power of the method. © 1999 Academic Press

Key Words: *’H REDOR; composite pulses; acetanilide; *C—*H
distances; *N-"H distances.

INTRODUCTION

In recent years solid state nuclear magnetic resona
(NMR) methods {-4 have become an important tool for
structure determination in solid systems, in particular WhEd’]
these systems exist in an amorphous or disordered phase
which cannot easily be studied by X-ray diffraction techniqu
Moreover, solid state NMR has become, in conjunction wi
inelastic neutron scattering, the primary technique for studyin
proton or deuterium positions in solids, because of the well-
known problem in locating hydrogen atoms of X-ray scatter-

can be used to determiné-'H or X—"H distances between an
I = 2 nucleusX and a neighboring proton or deuteron, namely
the chemical shift and the nuclear magnetic dipolar interactiol
The value of the chemical shift interaction is very sensitive t
structural features such as the primary and secondary structi
of molecules. For example, it has been shown recently th
isotropic N chemical shielding can be used to determine
N-"H or N-*H distances 7, 8. However, there is no easy
direct way to interpret the CS data in terms of nuclear dis
tances, because calibration measurements on systems v
well-known distances are needed to correlate these data
distances. Nuclear dipolar interactions, on the other hand, gi
direct geometrical information about intra- or intermoleculal
distances. Thus the study of these interactions betwideX
and’H-X is generally much more informative than CS data.
For simple systems consisting of pairwidel—-X-labeled
molecules, the values of dipolar interactions can be obtained |
simply recording the static NMR powder spectra and analyzin
their lineshapesy, 10. It is advantageous to record tKespin
spectra, because it is nearly impossible to elucidate any dipol
couplings from broadH spectra, because of the strong qua
drupolar interactions of the deuterons. In many systems tf
dipolar interactions are much smaller than the chemical shi
anisotropy of theX spin, making it difficult to resolve the
dipolar interaction in static solid state NMR spectra. This
problem was already overcome in the sixties by the introduc
tion of the spin echo double-resonance experiment (SEDOI
I_Eil%) technique and by separated local field experiment
, 13.
When more complicated systems with several inequivalel
euterons and/oX nuclei are investigated, or when it is not

igh-resolution solid state NMR techniques can be employe
far the most important of these techniques is the rotation
ho double-resonance (REDOR) experimdrt, 5, which

monitors the dipolar interaction of spin pairs during magic

GEOSSible to label only the interestintd positions, special

angle spinning (MAS), often combined with protofi-eross-

ing. Some recent examples are the localization of protons 0Or

deuterons in H-bonded systents 6).

There are two main interactions in NMR spectroscopy thf;h
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polarization (CP-MAS) 16) to enhance thX-spin signals. The
d{polar REDOR dephasing of the signals is accomplished
e application of two 180° inversion pulses during each rotc
period.

)
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So far, most REDOR studies have been concerned Mith
pairs of spiny nuclei, the main reason being that the large

quadrupolar interaction of spins witB > 3 complicates the

interpretation of the REDOR data, because of the inefficient /L

inversion of the 180° pulses on these nuclei. For spin pairs with CH? T

S> 1 itis now common to apply the rotational echo adiabatic ‘ 4
pulse double-resonance (REAPDOR) methdd, (1§. D

For the study of the spin paX—"H (with S= } andl = 1),
two REDOR schemes have been suggested: the observation of
the °H nucleus, while all 180° pulses are applied to tke

nucleus 19), or the observation of the nucleus, while théH _addition, average Hamiltonian theory is used to understand tl
nucleus is pulsed1@-23. The advantage of the first experi-in features of th&-spin REDOR decays.

ment is that only moderatB, fields that are larger than the  a.etanilide (Fig. 1) has been chosen for several reasons:

CSA dispersion are sufficient for spin inversion. In thig pag only one exchangeable hydrogen, which makes speci

REDOR experiment the presence’sfquadrupolar interaction labeling easy; (i) it is a molecule with a large deuterium

of order 100-200 kHz results ifH MAS spectra with ca. gyadrupolar interaction (146 kHz) and with different types o

20-40 rotational sidebands for moderate spinning frequencigghons, making it a good example for this type of experimen

of ~5 kHz. The widths of these sidebands make it difficult 1@i)) it has a known crystal structure28—3Q, allowing a

resolve the spectra of differefitl sites in the sample. Spectralcomparison of NMR and diffraction results; and (iv) it has

resolution between differeritd sites therefore requires selecfavorable NMR parameters, such as relatively short relaxatic

tive deuterium labeling. However, this is feasible only in somgmes and well-separatedC spectral linesq, 10).

fortunate cases, while for the majority of systems it is scarcely The rest of the article is organized as follows. After this

achieved. For example, most of the hydrogens involved in th&roduction, the theoretical background necessary for unde

formation of H bridges are easily exchanged and selectigganding REDOR measurements ®a’H spin systems is

labeling of X—°H spin pairs is impossible or at least a severgiven, followed by the numerical methods used. After ar

synthetic problem. overview of the experimental setup, experimental results a
From these considerations it follows that REDOR experpresented, discussed, and summarized.

ments that monitor th¥ nuclei and irradiate théH nuclei hold

promise forX—°H REDOR spectroscopyl®—23. In experi- THEORY

ments of these types, it is possible to measure the dipolar

couplings even when several inequivalent deuterons drelse Sequences

present. H_owever, the problem with t_his app_roach is tf%at VeY As mentioned before, the main problem X{spin-detected
strongB, fields are necessary for faithfully inverting thel v 2,y rEpOR experiments is the relatively loB, field

nuclei, something that is not available in commercial trlple's'trength that can be obtained in our triple-tuned probes for tt

tuned probes. _ excitation of the deuterons. In our case fié B, field was
The application of phase cycling schem28)(such ax¥-8  petyeen 30 and 40 kHz, which is about four to five time:

or XY-16, is notsufficient to com_pensate for the influence ofmaller than theH quadrupolar interaction in our samples.
the large quadrupolar broadening on the REDOR decaysis |eads to poor excitation of thél NMR spectrum. This
These schemes are used mainly to correct pulse imperfectigigation is a little improved in MAS experiments, where the
and the effects of small CS values. A solution to this promeﬁhadrupolar frequencies are time-dependent during the puls
is to use composite inversion puls&b{27. To improve the npowever, in rotor-synchronized irradiation schemes the spit
X-spin REDOR dephasing, composite pulses can be usedqf@ always excited when they experience the same frequenci
substitute the simple 180° pulses on the deuterium spins. R®J improve this excitation profile we performed experiment:
nonrotating samples there are several elaborate composgi@ calculations with composite pulse sequences. In the lite
pulse schemes available for the inversion of quadrupolar spirstlire one can find a variety of composite pulse sequences tl
nuclei 26, 27. For rotating samples only the short compositgre efficient for the inversion ofH nuclei in nonrotating
sequences are suitable, due to the time restrictions impliedd3ymples 26, 27. The application of these sequences in MAS
the sample rotation. experiments is generally not feasible when the length of th

We have explored this experimentally by performing studieequence becomes comparable to the rotation period. V
of *®*N-°H in doubly labeled and®C—"H in singly and doubly therefore chose to use the simple composite sequences 9
labeled acetanilide. To analyze the REDOR decay signals w80,—~90, and 90—90,-90, for the inversion of théH nuclei.
have simulated the evolution of these data, using a numeriGdle actual pulse schemes used for the irradiation in ot
integration of the equation of motion of the density matrix. IREDOR experiments are shown in Fig. 2.

FIG. 1. Molecular structure of acetanilide.
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_ 180, 90, 90, 90, 90,180,90, variety of dipolar interactions REDOR decay curves wers
as calculated and compared with the experimental results. Bi
180, 90, 90, 90, 90,180,80, cause of the quadrupolar interaction and the relatively low R

b= I | | | fields, the universal REDORS/S curve (14, 15 cannot be

used in this case.

1H ]—cp— decouple The spin propaga_tors for one rotation period of the differer_
steps of the experiment have been calculated by stepwi
X cp I <S> numerical integrationr = 1 us constant time steps) of the
2 b a b b a b a spin density matrix equation. The REDOR decay signals wel
2H 1111 1111 evaluated as a function of the number of rotor cycles b

repeated application of these propagators. Bhéeld strength
. : ! in the calculations was chosen in such a way that the produc
FIG. 2. Pulse sequences used for tie’H REDOR experiments. of the experimental duration of the RF pulses andBhéield
are equal tor or 7/2 (i.e.,yB, nA7 = 7 or 7/2) for spins on
resonance. For the powder integration, summations of tt

A heteronuclear spin pair with a spimucleusl (for exam- signals from single crystallites, defined by their Euler angles i
ple, °C or **N) coupled to a spin-1 nucle®for example 2H) the rotor frame, were performed using the method of Chetng

in a solid has a high-field MAS NMR Hamiltonian of the form@!- (31)- The set with 200 triples of Euler angles was used
simulate the data in the course of the data-fitting process. TF

_ . 41 2 o) 4 was sufficient to give a good approximation of the experimer
HU = @o(t) - 21,8, + 500(D(3S; = 2) T HeeV), [ 126015 in a reasonable CPU time. The final simulations we

formed with the set of 1154 angle triples. The typical time
a simulation of a decay curve is approximately 750 s on
fitium 200. The errors of the determined dipolar coupling

: e
where the last term represents a set of RF pulses applied to l%
spins and the time-dependent coefficients are due to the samp

Zpln?mg; wQ(Ij[) 'Sbﬂ;e quatcrliruptéllagr |n_tera_(|:_t|on anob(t) thed have been estimated by determining upper and lower limits
Ipolar coupling between theands spins. 1erms correspond-y, o dipolar coupling strengths such that 70% of the experime

ing to off-resonance and chemical shift anisotropy parameters | .- ~re enclosed within the limiting curves.
are not essential for the forthcoming discussion and are there-

fore omitted.

The dipolar coupling coefficienb(t) depends on the dis-
tance between the two spins and the time-dependent étdle  Further insight into the effect of the application of composite
between the internuclear vector and the external magnetic fightilses to theS-spin system can be gained by analyzing the

average Hamiltonians of the spin system. To evaluate tt
s response of the spin system to the Hamiltonian in Eq. [1] it i

(3 cogd(1))? — 1) most convenient to eliminate the RF term by transforming it t

the toggling frame 32). This can easily be accomplished by

The Average Hamiltonian

Bo, Y'Y

wp(t) = 4 h r3

D transforming the linear and bilinear operators in Eq. [1] ac
- 2 _
2 (3 cog B(1)) b. (2] cording to the applied pulse sequence with
Detection of theD coefficient provides the internuclear dis- L) = > f(0l, St)= > g,MSs, [3]
tance. The sample spinning removes the effecDobn the P=xy.2 p=xy.z

MAS FID signal by averaging the dipolar interaction to zero.
The effect can be recovered by applying a set of RF pulses tp@éulting in the toggling frame Hamiltonias3, 34
interferes with the averaging of the dipolar interaction in the
course of the MAS experiment and results in an effective

dipolar signal decay. HT= > o) fy(t) gq(t)
pP.d=Xy,z
Numerical Methods X2+ 3 2 wot)(39pq()SS, — 2),  [4]
For full quantitative evaluation of th¥—*H REDOR data, P.a=XY.2

numerical simulations are necessary. These are done by solv-

ing the equation of motion of the density matrix of the two-spiwith g,,(t) = g,(t) g4(t).

system considering all experimental parameters, such as th€or XY-4 REDOR experiments, with ideal 180° pulses
sample rotation frequency, the RF irradiation pulse lengths aagdplied only to theS spin, theg,(t) coefficient becomes a

intensities, and the quadrupolar interaction strength. Forsemple step function equal ta:1, changing sign at the posi-
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tions of the pulses33, 39. All other coefficients are zero, matrix. This shows that thé-spin-detected REDOR signal
exceptf,(t) = 1 andg,(t) = 1, and therefore the Hamiltoniandecays only tg,
for this case becomes
SREPORNTR) = 3 + 5 cognapTR), [12]
HT(t) = wp() g(1) - 21,8, + 3091 (3S; — 2).  [5]
leaving thel 2° term of the density matrix untouched.
This Hamiltonian commutes with itself at all times and its In the case of pulses with finite lengths the form of the

average Hamiltonian for one rotor cycle becom&g) ( toggling frame Hamiltonian becomes more complicated, an
the coefficients,(t) andg,(t) have to be calculated explicitly.
HO = &o1,S, with In this publication we will discuss two examples bSpin-

detected REDOR experiments on ka8 spin system with all

. 2 Tr/2 TR pulses on th& = 1 spin, implying thaf, (t) = 0 andf,(t) =
o1, T wp(t)dt + wp(t)dt |, 6l 1. 1n particular we will discuss the effect of the average
0 TR/2 toggling frame Hamiltonian on the REDOR decay of the
spin signal.
whereay, is the orientation-dependent REDOR frequency for a
single crystallite. XY-4 REDOR

) T(.) procee_d itis useful to rewrite the_ Hamiltonian n terms of First we consider the REDOR experiment with foxiy-4
fictitious spin-half operators. Assuming a numbering of th

) fs0° pulses applied to th® spin during two rotor cycles. In
eigenstates as Fig. 3 the time-dependert,(t) and g,,(t) coefficients (see
also Appendix A for the explicit form of thg,(t) andg,,(t))
1=la, 1);2=a, 0); 3=a, —1); for the toggling frame Hamiltonian of Eq. [4] are shown.
4=|p, 1);5=|p, 0); 6=|p, —1), 71 A zer.o—orde.r average Hamiltonian can then be optained k

integration of its coefficients over the two rotor periods. The

the Hamiltonian in Eq. [1] can be expressed in the convenidissulting coefficients are functions of the exact forms of th

form (omitting the RF term) dipolar and qugdrupqlar coefficients. Simple inspection show
that the terms involvingy,(t), gy(t), 9.(t), 9,.(t), andg,(t)
. © - !
H(t) = Ha(t) + HE(D) do not contnt_)ute.td-l . The remaining terms result in an
average Hamiltonian of the form
H(t) = 20p(t)13° + 5w (172 — 129
0) — a0 B(0)
HE(L) = —20p(0)1 2 + Jog (12 -139)  [8] HE =R+ H
Ha(0> = C';)DI %3 + a)zz(l %2 =1 33) + a)xxl ):ES

and can be represented in matrix form as
0) — ~ 46 ~ 45 56 ~ 46
HB()_ _lez +wzz(|z _lz)+wxx|x [13]

HaW 2 ] [9] with

H(t)z[ 0 HAY

) . |13+|46=;(Sz_52)

where theH “(t) andH*(t) operators are X 3 matrices in the X X 2AX y

S-spin basis states wittn, = 2 andm, = —3, respectively. The (112123 4 (15— |%) = 352 — 2 [14]
linear |, operator can be expanded as

and
l,=134+12+3° [10]

1 2Tr

and is proportional to the initial density matrpg after the Wp = TJ 0,(t) wp(t)dt

CP-MAS excitation of the spin. In this representation the RJo

three terms of, connect states correspondingtg equal to 1,

0, and—1, respectively. . 1 (2
Wz = 37-'—R

1
The zero-order Hamiltonian in Eq. [6] can be rewritten as { 9oAt) = 5(Gudt) + gyy(t))}wQ(t)dt

0
HO = ap(13° = 139 = ap(13* — 139, [11] 1 (2w
a’><>< = ZTJ (gxx(t) + gyy(t))wQ(t)dt- [15]
influencing only thel;* and I® parts of the initial density RJo
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Composite Pulses

Xy XY v v VT '

3Tr/2 27Tr Tr/2 Tr

FIG. 3. Time-dependerg,(t) andg,(t) coefficients p, g = X, y, ) of the toggling frame Hamiltonian, Eq. [4]. LefKY-4 REDOR; right, CPL REDOR.
An explicit description of the time dependence of the coefficients is given in Appendix A.

The finite pulse lengths influence the average Hamiltonian firequencies and will generatespin REDOR signals that ap-
Eqg. [6] by reducing the dipolar frequenéy, and by adding a proach the zero-quadrupolar REDOR decay curves. As e
quadrupolar and a double-quantum term. While dheterm pected these pulses result in an increase of the overall rate
has no effect on thespin signal, thév,, double-quantum term the powder REDOR decay. In addition they cause the REDO
can have a large effect. For the extreme cage> o, it signals to decrease beyohdndicating a decay of thg® terms
follows that @, < @,, and the double-quantum element®f the density matrix. In order for thig® part of thel spins to
oyl 23 become the dominant term KH®. In that caseH*® decay, additional terms must appear in the average Hamilt
= H*® and the initial spin density matrix is hardly influencedian. A term of the form 2° in H® could cause this additional
by H®. The exact zero-order solution for the problem islecay; however, this operator does not appear in the zero-orc
calculated by diagonalizing the Hamiltonian. A straightforwartlamiltonian, because the quadrupolar terms inHfieindH”
calculation reveals that the REDOR signal of a single crystdifocks must have the same form. We therefore expect th
lite develops as (agai§(0) = 1) other types of interaction terms influence tffzcoherence. To
demonstrate this we choose to describe the composite pu

1 2 ) REDOR sequence,
SREDOR(ZnTR) = § + g (Coszd) COS@eDﬁ * ZnTR) + S|n2¢)

- [90,90,90,} — T, — {90,90,90} — T, — {90,90,90,}
tanth = 2% ol = Job + &2 [16]
@p’ P VTP T — 3Tr —{90,90,90,} — 3T, [17]

The|® term of the density matrix remains unaffected and thg,q show in Fig. 3 the,(t) andg,,(t) coefficients of itsH(t)
powder signal reaches a valuezot ¥sin’e), where(sin’ ¢)  (see also Appendix A for the explicit form af(t) andg,(t)).
is the powder average of the sine squares for all single cnge toggling frame Hamiltonian in this case has the same for

tallites. In a powder sample the different crystallites will decayg i, Eq. [4], and the zero-order average Hamiltonian becom
with different rates and will reach different values, depending

on theirwy(t) values. The overall decay of the REDOR pow- HO — a0 4 18O
der signal for large quadrupolar interactions will therefore slow - +

down and W!|| not r_each thé value, as expected for small p«©0 — w113 4 0112 |23 4,013
guadrupolar interactions.

+ w(O)I 13 + w(O)(I 12 |23) + 0)<O)(| 12 |23)
xy 'y xz \! x X yz\ly y
Composite Pulse REDOR
HAO = @1+ Q15— 159 + 01

The use of composite pulses will increase the inversion o 46 o5 ss oas s
efficiency of the 180° pulses dhispins with large quadrupolar + o 1+ 01— 19+ o@(7°— 159 [18]
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4 . l T . T off-diagonal terms are much smaller in the CPL case than |
V =50kHz the case oKY-4. According to the expression for the REDOR
3k i signal in Eq. [16], this decrease will increase the overal

matrix elements

150 180

-

matrix elements

V,=25kHz,

1
90

o

120

150 180

REDOR decay of the powder by a reduction of the values.of
The SQ elements of magnitudg@?, + @, in the CPL
case cause oscillations of thg term of p,. In the limit when
the SQ terms are larger than the dipolar terms, they will aga
equalize the two Hamiltoniartd*® andH*® and no REDOR
oscillation can be expected. Thus the SQ matrix elements w
influence thd 2° term only when they are of the same order of
magnitude as the dipolar interaction elemént Then a co-
operative mechanism, involving both the dipolar interactior
and the quadrupolar interaction through the SQ elements, w
result in a REDOR decay beyosdThis effect can be shown
guantitatively for a single crystallite by a diagonalization of the
matrix representations dfi“® and H*® of Eq. [18], and a
transformation ofl, to their diagonal representation. The re-
sults of such a calculation are shown in Fig. 5. In this figure th
zero-order time-independent part of the REDOR signal is plo
ted as a function of Euler angJgof the quadrupolar tensor in
the rotor frame. As can be seen, the contribution of the S
elements reduces this part of the signal (solid line) to value
below 3 for certain values of3. The exact shape of this line
depends on the polar angidetween the dipolar vector and the
principal direction of the quadrupolar tensar € 30° in our
case). The dashed curve shows the same contribution when
SQ terms are neglected in the calculation. We see that the t
curves overlap in the regions where the dipolar term is sme
(seewp in Fig. 4). We should emphasize here that for large

FIG. 4. Magnitudes of the various matrix elements of the average Ham-
iltonians in Eqgs. [13] and [18] are plotted for different orientations of the

quadrupolar principal directiorg(is given wrt the rotor main direction). The

effect of the CPL sequence on two differdit fields is shown for the dipolar
vector oriented 60° from the quadrupolar principal directiér= 0°, y = 10°,

vecor 0.8
E 0.6
with ?
0.4
1
(Z=1D+ (P -1 =5 (SS+SS), [19]
2 0.2

1.0

where thel )’ operators contribute to the imaginary part of the
matrix elements of;’. The coefficients of Eq. [18] are inte-
grals of the same type as in Eq. [15]. B [°]
To investigate the improvement of the REDOR dephasing _ o
. . FIG. 5. The normalized zero-order time-independent part of the REDOF
due to the application of the CPL (composite pulse) sequenc§§

0.0o

30 60 90 120 150 180

. . Mal S(«) is plotted as a function of the Euler angbeof the quadrupolar
we must thus examine the effect of the single-quantum (Sfajsor in the rotor frame. The solid line shows the calcul&ee) resulting
terms withw,,, w,, in Eq. [18] on the spin system. These termsom the zero-order average Hamiltonian in Eg. [18]. The dashed line reprt
appear irH® in addition to the terms of Eq. [13]. In Fig. 4 thesents the same, while omitting the SQ terms in the calculation. The values
magnitudes of the various matrix elements of the averalg parameters used in the calculation were QEQ46 kHz for thel = 1

Hamiltoni in E 13 d 18 d f in, vy = 1.64 kHz for the dipolar interaction constant betwéenand N,
amiltonians in Egs. [13] and [18] are compared for somg_ 30° for the polar angle between principal direction of the quadrupola

arbitrary crystallite orientation. This figure shows that th@nsor and the dipolar vectar, = 4 kHz for the spinning speed, ai = 38
magnitudes of the coefficients of the double-quantum (D@®#z for the RF field strength.
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1
Q =146 kHz
2 *
3
4 *
1 1 1 I 1 —_— %
200 0 200 o *
kHz
i 4 1 '
FIG. 6. Static’H spectrum of acetanilide recorded (experiment and sim- 150 100 50

ulation withQ = 146 kHz andB,(*H) = 100 kHz). ppmM[TMS]

FIG. 7. C CP-MAS spectrum and spectral assignment of acetanilide
dipolar interactions higher order effects become significant amdasured under the same conditions as the REDOR spectra (the asterisks n
the powder signals can decay toward zero. This can be shotRifning sidebands).
by exact numerical simulations.
We can thus conclude that the CPL sequences indeed g\%

1 nd vector, was taken and the dephasing was evaluated fo
prove the powder REDOR decay rate and its overall decay, {6 ,|ar coupling of 1.64 kHz. For the three pulse sequences

first due to reduction of the DQ terms and the latter due to t $EDOR dephasing was found with an initial slope that i

appearance of SQ terms in the average toggling frame Hanylswer than the calculated dephasing caused jwylses on the

tonian. deuterons by a factor of about 3—4. Another significant differ
ence is that th&/S, values approach zero in all the experi-
ments and calculations with real pulses but reaétr the &
t}C?)Vlses. The fastest dephasing is obtained for the 880,90,
omposite pulses, followed by results of the,990,—90,
pulses. The dephasing of the simple 18&fulses is signifi-
(X = 3C). The N spectrum (not shown) of Y consists of a cantly less ef_ficient than the dephasing of the other two s
single line, caused by the amide nitrogen. Thiequadrupolar quences. While the calculated REDOR decay curves of
composite pulse sequences reproduce the experimental d

echo spectrum (Fig. 6) exhibits a typiciil powder pattern . . . .
with a quadrupolar splitting of 146 kHz. Figure 7 displays thfealrly closely, the simulated dephasing of the 1§filse gives

natural abundantC CP-MAS spectrum ofl(), marking the an underestimated value f8fS, for larger values. A possible
lines where a REDOR effect was observed. The REDOR
experiments on the directly bonded spin p&#"N in (I) . ;

RESULTS

X-’H REDOR experiments have been performed on dou
’H—"N-labeled acetanilidel] (X = **N) and on singly’H
(I1)-labeled and doubly’H-"CO (Il )-labeled acetanilide

were performed mainly to compare the efficiency of the dif- 1.0¢ 7
ferent pulse sequences. In th¢-*C REDOR experiments on . * 180
(I) the dephasing of the carbons, assigned in Fig. 7, was 0.8]: : ggX?gvgg;) ’
accomplished by the use of the, 8080,—90, composite pulse 06k e delta gymsxes
scheme. it
@ v

?4_15\ REDOR Results RRTAYR

Figure 8 compares the simulated and experimental*ad 02r
detectedS/'S, REDOR results of I) for the three pulse se- ¥ N
quences presented in Fig. 2 with the theoretical REDOR decay °°[ == 7m%

curves under the influence of ideal 18)pulses. The symbols 5 1
mark the experimental data and the solid lines the simulations - N
of the decay curves. The dashed line Corresponds tb-ihése FIG. 8. REDOR. results ort®N-"H dOUb|¥ Ia_beled acgtanlllc_!e. The sym-

It. All experiments and calculations have been erformbos mark the experimental data and the solid lines the simulations of the dec
resut. p ! _ : p Eitves using) = 146 kHz,B,(?H) = 37 kHz,B,(**N) = 31 kHz, andD =
with N on resonance. In the simulations an axially symmetriCe4kHz. The dashed line compares these decays to the decay corresponc
guadrupolar tensor, with its symmetry axis parallel to the NI & pulses (i.e.B,(*H) > Q).

0 t[msec]



DEUTERIUM REDOR 61

R T ' ' carbons and of 30& 40 Hz for the G carbons, corresponding
1.0 ©  C1 Doubly Labeled ] to a nuclear distance of 2.58 0.06 and 2.49= 0.12 A,
s 5 C1 Nat. Abundance respectively.
0.8F o ®  (C2 Nat. Abundance -
8 | DISCUSSION
a%o D=540 +/- 40 Hz
& 06r ° 8 'A i | The REDOR dephasing of a spinaucleus coupled to a
% deuterium spin-1 nucleus is rather insufficient in the case of
0.4r Opan il large deuterium quadrupolar interaction and relatively wea
éoo e T 180 pulses applied to each rotor cycle on the deuteron
0.2F 003’302 . REDOR and REAPDOR methods, in which all except for on
o0 000585 ] 180 pulse are applied in the spinchannel, could provide
0.0 . ! - ! ; : °° alternative approaches that increase the dipolar dephasing.

3 10 15 ;Imsec] this publication we have reported the use 0f-9080,~90, and

FIG.9. “C natural abund abeled REDOR s of th t 90,-90,—90, composite pulses that replace standard 18
. 9. natural abundancé-labele results of the acetan- :
ilide a-carbons Gand G. Both carbons exhibit the same dipolar coupling. Th ulses on the deuterons. We have shown eXpenmenta”y a

solid line shows the simulation of the data usibg= 540 Hz,B,(*H) = 33 theoretically that the application of these composite puls
kHz, B,(**C) = 33 kHz, andQ = 146 kHz. sequences improves the REDOR dephasing significantly. F
small and intermediate spinning frequencieslQ kHz) and
RF amplitudes down to 20 kHz the CPL sequences can |
reason for the deviations at largevalues is an additional made much shorter than the rotor periods and can therefore
dephasing due to intermolecular couplings. We found in th&sily implemented into the rotor cycle. They can cause &
calculations that the actual decay curves depend rather ciiticrease of the overall REDOR decay rates of up to about tw
cally on the values of the quadrupolar frequency as well as fifhes the rates obtained with 180 pulses. Using the CP
the B, field applied to théH atoms. sequences we have measured in acetanffie’H dipolar
ot 1 couplings in the range from 250 to 550 Hz, corresponding t
H-"C REDOR Results 3C and ?H atom pairs that are separated by two or thre:
The carbon-detectetH—2C REDOR results can be dividedcovalent bonds. The quantitative analysis of the experiment
into thea carbons G and G, which are directly bonded to the data was performed by numerically solving the kinetic eque
amide nitrogen' and thﬁ carbons G and G, which are two tion of the density matrix under the influence of the variou:
bonds away from the nitrogen. Figure 9 presents the resultsieraction terms in the spin-Hamiltonian and finite RF puls
the >H-"*C REDOR experiments on the carbons Gand G. lengths. After careful calibration of all NMR parameters anc
The experiments were performed off@-labeled sampldlf ) measurement of the relevant NMR interaction tensors it we
at the a—CO position and on a nonlabeled Sampl@_(The possible to directly evaluate thé-°H REDOR results, without
90,-180-90, composite pulse sequence on the deuterons was
employed for these experiments. The solid line shows the
result of a simulation of the REDOR decay curve using a

dipolar coupling of 540 Hz. To cover most of the experimental 1.0 - D =270 +/- 20 Hz |
points a spread of about 80 Hz is necessary. The dipolar

interaction of 540+ 40 Hz corresponds to a distance of 2:05 0.8

0.05 A. '

Figure 10 presents the results from the natural abundance
3C REDOR results of thgg carbons Gand G in (Il). Asa ¢ 0.67
result of the less perfect suppression of off-resonance effect3

due to the simpleXY phase cycling there are some small- 4 D =300 +/- 40 Hz .
amplitude oscillations in the dephasing visible in the decay ] = C3
curve of G (Fig. 10), which do not cause any problems in the e C4

evaluation of the data, however. Despite the fluctuations in the 0-27
experimental results due to the small REDOR dephasings, the . . . T
C, carbons show a slightly faster decay than thec@rbons. 2 4 6 8 7 [msec]
This suggests a difference between the CD distances of these .
two carbon atoms. The solid lines mark the average results. of o > < natural abundancé-labeled REDOR resilts of the acetan-
: . ) ) 9 |If&fe B carbons Gand G. The carbons exhibit different dipolar couplings. The
the simulations that best fit the experimental results. Thegfid lines show the simulation of the data usbig= 0.27 kHz (G) andD =

simulations correspond to a coupling of 2¥®0 Hz for the G 0.30 kHz (G), B,(*H) = 33 kHz, B,(**C) = 33 kHz, andQ = 146 kHz.
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TABLE 1 (ii) Fast vibrational motions of the molecule cause a partic
Summary of Experimental Data averaging of the dipolar interaction, which results in a sligh
decrease of the distance measured by NMR spectros&py (

r/A* r/A® r/A° r/AY D/HZ® D/Hz® riAe

C 2137 1636 2039 2019 564 54040  2.05+ 005 Besides this small difference the structure of acetanilid

Ci 5053 1972 2064 2051 538 54040 205+ 0.05 found from REDOR is in good agreement with the structure

C, 2603 2474 2513 2499 297 22020 258+006 determined by scattering methods.

C, 2438 2476 2506 2504 295 38040  2.49+ 0.12 It must be emphasized that the calculated REDOR dec:

N 108 0.896 1020 1.007 1810 164040 1.04*0.09 curves depend strongly on the value of the deuterinfield

164040 1.04+0.09  strengths in addition to its dependence on pulse settings, t
dipolar interaction strengths, and quadrupolar couplings. The

# X-ray 295 K @29).

bX-ray 113 K @8). also depend, although to a lesser extent, on the relative orie
° Neutron diffraction 15 K 30). tation of the dipolar vector with respect to the quadrupola
“ Neutron diffraction 295 K 30). tensor. For example, in the coupling regime afa®d C, (300
“NMR °H REDOR. Hz), changes in théH B, field or quadrupolar coupling of 1

f 15 H H
N NMR lineshape analysis 295 #9(10. kHz lead to a difference in the determined dipolar coupling o

+5 Hz, i.e., ca. 2%. Since the observed REDOR curves a
the necessity of introducing any fit parameters or employingofactically featureless there are various sets of paramete
calibration measurement. which are in principle capable of fitting the same decay curve

Table 1 compiles the distances obtained from our REDOfherefore, a direct quantitative evaluation of the distance
experiments and compares them with distances obtained (&ing the CPL REDOR approach, is possible only if the ex
diffraction techniques. There are some discrepancies betwegfiimental NMR parameters of the system are well known.
the diffraction data. While the new X-rag§) and the neutron  |f this is not the case a second strategy can be employed.
diffraction data 80) state that the (D distance (see Fig. 1) is js evident that the decay curves of different carbons coupled
shorter than the I distance and the O and GD distance the same®H nucleus or to®H nuclei in the same functional
are essentially the same, the older X-ray stu2§) tates the group are not independent of each other and should be ar
opposite, i.e., the O distance is longer than the,B distance  |yzed with the same strength of quadrupolar interaction. Henc
and the G distance is longer than the,@istance. In addition, it follows that the relative sizes of the couplings of spins to the
there are strong deviations between the reported NH distancggne type of deuteron can be elucidated even if the absoll
These differences can probably be attributed to the well-know[yes of the couplings are difficult to determine. In most situ
difficulty of localizing hydrons with X-ray spectroscopy.  ations a calibration of these relative couplings to absolut

For a quantitative comparison to our REDOR data the neyialues can be performed by using either a calibration expel
tron diffraction data at 295 K30) and NMR lineshape results ment on a chemically similar reference compound, with det
at room temperature are particularly important, since the poférons in the same functional group, or a measurement of
tion of the hydrogens depends on temperature, as is evid@il-known distance in the studied molecule, for example,
from the difference between distances obtained from neutrgilect CD bond or a CND distance. In our system it would hav
diffraction at 15 and 295 K. Comparing the high-temperatuigeen possible, instead of simulating all decay curves as d
neutron diffraction data with our data shows good agreemesgribed above, to use as an internal standard the known d

The observed difference between thgdG2.019 A) and GD  tance between the carbonyl carbon C1 and the deuteron.
(2.051 A) distances could not be resolved in our experiments

(2.05 = 0.05 A). A slight discrepancy between our NMR
results for the ND distance to the NH distance obtained from

neutron diffraction is observed. Neutron scattering measures % has been shown that. when composite pulses are employ
NH distance of 1.007 A30) at T = 295 K, while our REDOR on the deuterons{—°"H REDOR is a powerful technique for

data give 1.04 0.01 A, corroborating previous results fromstud ing molecular conformations of molecules, even for wea
NMR lineshape analyse€,10 on “N-"H doubly labeled ying '

acetanilide ’H B, fields and strong’H quadrupolar interactions. The
) . . . investigated 90-180,—90, and 90-90,—90, CPL have
There are two possible explanations for these differences . : : .
. . . proven far superior to the simple 180 pulses, introducing a
between the NMR data and neutron diffraction data, which afe . . : .
) o approximately two times faster dipolar dephasing, thus effe
not necessarily mutually exclusive: . : ; )
tively enlarging the range of weak dipolar couplings measul
(i) The hydron is part of the—NH = O—=C— hydrogen able byX-—"H REDOR spectroscopy. Using a careful calibra-
bond. It is well known that the positions of the hydron and thigon of all NMR parameters it is feasible to analyze thes
deuteron in these bonds are different due'tti’H isotope experiments directly by numerical simulations. For quantita

effects @). tive applications ofX—°"H REDOR on compounds, where not

CONCLUSION
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all NMR parameters are known exactly, it is necessary tmnjunction with homebuilt notch filters. The RF of the
perform a reference experiment either on a standard compowiserved channel was fed through a crossed-diode duple
or alternatively on aXx—"H pair with known distance in the connected to the detection preamplifier and through th
measured compounds themselves. As an experimental exarfiftlers into the probe. The other two channels were fe
the molecular geometry of acetanilide has been studied by tHisectly through the filters into the probe. The typical 90°
method and compared to diffraction data. In conclusion it hasilse width was 6.5us for all three channels, corresponding
been shown thax—"H REDOR spectroscopy is well suited toto 38-kHz B, field in frequency units. For the proton de-

the localization of hydrons in organic compounds. coupling the'H B, was changed to 52 kHz to avoid un-
wanted cross-polarization by mismatching the Hartmann
EXPERIMENTAL Hahn condition and to improve the decoupling efficiency
This was sufficient to removeH—X dipolar line broadening.
Sample The repetition time of the experiments was 30 s for the

The synthesis of isotopically labeled acetanilide was pe1zJi;E:etanilide. All MAS spectra were recorded at a rotatiot
formed by the standard procedur&$)(of adding a solution of equency of 5 kHz, employing standard CYCLOPS phas

acetyl chloride (either unlabeled or 999 (CO)-labeled from ;yégrngnggg? .?ﬁgl:(l)stglt?gn ?Peﬁze%tisviazyg (I)Irr:t% Ofl(ljg dtﬁzin
Chemotrade, Leipzig, Germany) in chloroform to aniline (e'é Doty spin rafe controller. Deviations in the rotation fre-
ther unlabeled or 99%°N-labeled, also from Chemotrade) uency were below 5 Hz The spectra were measured by fi
dissolved in chloroform and stirred in an ice bath. The additio?:oss-polarizing the observed nucleus from the protons ar

was completed at a higher temperature of about 50°C. T n recording the signal of the observeduclei under proton

solution was stirred fiol h and the excess solvent removed t8 . - :
. . . . . ling. Th licat f ph I henzy,
yield crystals of acetanilide which were recrystallized in Wateﬁlfg(;(uf_ éngr XY-el g pi?] It%aecljoenpr?as?n;?:Ea(%celln?s f]f)tesu fficie(nt

These crystals were selectively deuterated in the eXChang{EQ:ompensate for the influence of the large quadrupolar broa

?mlgehpcismon l?[y d'SSOIE/mg th((:jetlhn ex((j:es.s Q}D(,jwaltlng ening on the REDOR decays. We therefore used a compos
or atroom temperature, and then drying under vacuurg, o approach in the dephasing channel in conjunction wi

After this procedure the deuterium labeling was better th Nimerical simulation of the REDOR decay curves. The CP

were phase cycled in th€Y scheme and put mirror symmetric

intermolecular dipolar couplings are relatively weak. For exg

) . s an advantage of this simpler phase cycling scheme few
ample, the largest intermolecul&iN—"H coupling can be es- 9 pler b yeing

. . cycle propagators have to be calculated in the numerical ev:
timated as 37 Hz from the crystal structure, which has only propag ‘

o , . tion of the data. From these spectra the decay curves of 1
nonnegligible influence on the REDOR dephasing OT Yoe individual lines were determined and the REDOR decay curve

R¥ere calculated by normalizing the decay employing the usu

dilution of the samples was performed. reference experiment without pulses in the dephasing chann

Spectrometer
A detailed discussion of our homebuilt three-channel APPENDIX A
NMR spectrometer has been given recenil®)( Here only
some salient features are given. All experiments were per- Explicit Representation of the Functions
formed at a field of 6.98 T, corresponding to a proton 9x(t), ,(t), and g,(t)

resonance frequency of 297.8 MHz on a standard Oxford

wide-bore magnet (89 mm) equipped with a room- An XY-4 REDOR pulse sequence that is applied on’the
temperature shim unit. For the proton channel a Creatigpins during two rotor periods is shown schematically at th
Electronics 1-kW class C amplifier was used. For ti¢or top of Table Al. The pulses with an intensity, have a
C channel a 1-kW class AB and for thll channel a 2-kW lengtht, = 7/w, and are applied dt= 0, T/ 2, Tg, 3/ 2Tx.
class AB amplifier, both from AMT, were employed. Allin the table the periodig, functions are defined for all time
amplifiers are equipped with RF blanking to suppress noiggervals-[1. The coefficienty,, = 9,9, are used in the
during data acquisition. The statfél spectrum of acetani- calculations.

lide was recorded with a homebuilt single-resonahNMR A composite pulse sequence that is applied on iHe
probe using the 98-90, echo sequence witB,(*H) = 100 spins during one rotor period is shown schematically at th
kHz. All other experiments were performed using a Brukdop of Table A2. The pulses with an intensity, have a
triple-resonance NMR probe operating at room temperatutengtht, = w/(2w,) and are applied at = 0, t,/2, t,,
To improve the mutual RF isolation of the three channel 2t,, andTx/2, Te/2 + Te/2, Te/2 + t,, Te/2 + 3/21,.
commercial bandpass filters (Texscan) were employed limthe table the periodig, functions are defined for all time
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TABLE Al basis set defined in Eq. [7]. This>6 6 matrixH can be divided
Explicit Representation of the Functions g,(t), g,(t), 9.(t) into two 3 X 3 matrices,
for the XY-4 REDOR
O O O O O O D 0 1/ @t ®; O Wy
He© =~ 0 —20,, 0
t, Te2—t, th TW2-t, t, TW2—-t, tn TW2-t, 2 D 0 —ap+ @,
0 Tel2 Tr 3T4/2 2Tq
1/ "Gt @, O Dyx
XY-4 REDOR sequence H A0 — 5 0 —2®,, 0 [A2]
&’xx 0 &)D + &)zz
gZ gx gv
O Cos(,/2*t) 0 —sin(w,/2*t) with
O -1 0 0
0  —cos,/2*(t — Tr/2)) —sin(w,/2*(t — Tr/2)) 0
0 1 0 0 © H«© 0
O cos@,/25t — T) 0 sin@,/2*(t — T)) H™ = 0 H«O [A3]
O -1 0 0
O —cos,/25(t — 3Tr/2)) sin(,/2*(t — 3Tx/2)) 0
a 1 0 0 and can be diagonalized by a mattix
A= b0 A4
intervalsO-0. The coefficientsy,, = 9,9, are used in the ~\{0 D [A4]
calculations.
with A = AHA™,
APPENDIX B
Derivation of Eq. [16] A“© =DH“OD !
In this appendix we present a short derivation of the expres- 1 [ @8+ b, 0 0
sion for the signal in Eq. [16]. The signal is equal to =5 0 —2W,, 0
2 ~ eff ~
0 0 —0p + @,
S(t) = Tr(S()S), [All  \s0 - p-tysop
where the time dependence of the initial density ma®jxs 1 —ay' +a,, O 0
determined by the average Hamiltonian, defined in Eq. [13]. =3 0 —2w,, 0 [A5]
This Hamiltonian can be represented in matrix form in the 0 0 o+ o,
TABLE A2
Explicit Representation of the Functions g,(t), g,(t), g.(t) for the CPL REDOR
0 0 0 O O O O O
t,/2, t,/2, t,/2, Tel2 — 3t,/3 t,/2, /2, t,/2, Tel2 — 3t,/3
0 Tel2 T,

Composite pulses

9: Ox 9y
0 COS(w,/2*t) 0 —sin(w,/2*t)
O 0 sin(,/2*(t — t,/2)) —COS(,/2*(t — t,/2)
0 —sin(w,/2*(t — t,)) COS(,/2*(t — t,)) 0
0 -1 0 0
O —Cos(,/2*(t — T&/2)) 0 sin@,/2*(t — Tx/2))
O 0 —sin(wy/2*(t — Tr/2 — t,/2)) CoS(,/2*(t — Te/2 — 1,/2))
0 Sin(wy/2*%(t — Te/2 — t,)) —COS/2*(t — Tel2 — t,)) 0
O 1 0 0
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cosdp/2 0 —sind/2 6.
0 1 0 [A6]
sind/2 0 cosdl2 £

D=

8
and
. 9
w
@5 = ((0p)* + (009 "% tand = a)—” [A7]
? 10.
The matrix representation of the operagrhas the form 1
100 g 12.
=3 ( I, 0 ) [A8]
13.
with |4 a 3 X 3 unit matrix. 14.

The signal in Eq. [A1] can be evaluated by insertion of Eq$5.
[AA—AT7] andt = 2nTg: 16.

S(t) = Tr(Ae ™A "1S Ae™MA ~1S7)

; o 18
= Tr(e "*"'D 26D ?), [A9] 19
20
which has the explicit form of Eq. [16]:
21.
S(t) = + 2 (cos ¢ cosallt + sin?). [A10]

22.
23.
24.
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