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A background-filtered version of the rotational-echo double res-
onance (REDOR) experiment is demonstrated. The experiment
combines a traditional REDOR pulse sequence with a double-
cross-polarization (DCP) sequence to select only those signals
coming from spin pairs of interest. The relatively inefficient DCP
sequence, which transfers polarization from 1H to 15N and subse-
uently to 13C, is improved by the use of adiabatic passages
hrough the (21) sideband of the Hartmann–Hahn matching con-
ition. The result is an efficient 2D-REDOR pulse sequence that
oes not require a reference experiment for removal of background
ignals. The data produced by the experiment are ideally suited to
nalysis by newly developed dipolar transform methods, such as
he REDOR transform. The relevant features of the experiment
re demonstrated on simple labeled amino acids. Relative efficien-
ies of several other potential filtering methods are also
ompared. © 2000 Academic Press

Key Words: solid-state NMR; rotational-echo double resonance
(REDOR); double-cross-polarization (DCP); adiabatic passage; in-
ternuclear distance; REDOR transform; regularization.

INTRODUCTION

Measurement of internuclear distances by solid-state N
has evolved into its own relatively extensive area of rese
as demonstrated in several recent reviews of the field (1–4).
The NMR techniques utilized for this task are designe
measure dipolar couplings, which are related in a simple
ner to the inverse third power of the internuclear distance5).
The majority of the successful applications to date involve
reintroduction and measurement of heteronuclear dipolar
pling under the line-narrowing conditions of magic-angle s
ning (6, 7), often using the popular rotational-echo dou
resonance (REDOR) methodology (8–10). A number o
diverse applications of REDOR distance determination
studies of biological and chemical systems have appe
recently (11–21). The13C–15N spin pair has been the subjec
much of this attention, since the possibility of measu
distances of 3–5 Å can make the determination of secon
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structure in peptides and other biomolecules a very fea
goal (18, 19). The REDOR experiment functions by using
pulses to interfere with the MAS averaging of the het
nuclear dipolar coupling. The experiment can be run in e
a one-dimensional or a full two-dimensional mode. In the la
experiment the indirectly detected dimension evolves s
under the influence of a reintroduced dipolar Hamilton
(9, 10).

The signal observed in the dipolar dimension during a
EDOR experiment can be processed using a Fourier

orm, yielding a broad powder pattern from which the dip
oupling (D) can be measured (9). Alternatively, the signal ca

often be fit in the time domain to determine the internuc
distance (9, 10, 22), even if only a few points are availab
Analysis of the REDOR signal and extraction ofD can be
improved by designing processing techniques to extract a
dipolar spectrum from the oscillatory (but nonsinusoidal) c
ponents of the REDOR decay. The introduction of these t
of processing techniques, such as the REDOR transform
related methods (23, 24), has extended the capability
REDOR by facilitating measurements of multiple dipolar c
plings. The REDOR transform has been used to analyze
tiple dipolar frequencies in several recent studies (25–27). A
further benefit of the REDOR transform is that REDOR d
for spin pairs can now be examined in an easily interpre
two-dimensional mode in which the isotropic chemical shi
correlated with the dipolar coupling magnitude via a sin
cross-peak (25). However, these techniques have led to
more challenging experimental requirement of collecting
many 2D-REDOR data points as possible in order to accur
map out the dipolar spectrum in the second dimension. D
the rapidly decaying nature of the REDOR signal, this req
ment greatly strains the sensitivity of NMR instrumentat
The analysis of the signal is complicated by the need to tr
as a true time-domain signal that often requires apodizatio
time-domain baseline correction.

The REDOR experiment has several advantages that
led to its success in heteronuclear coupling measuremen
sequence relies on a train of easily calibratedp pulses and ha
a simple design that can be implemented on most spect
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27BACKGROUND-FILTERED REDOR EXPERIMENT
ters. Phase cycling schemes can correct for pulse timing
amplitude errors (10, 28). The most commonly used sequen
are fairly tolerant to small variations in MAS spinning sp
(10, 29), and the radiofrequency power levels needed du
the sequence can be tolerated by many commercially m
factured MAS probes. The initial stage of a REDOR exp
ment often involves a cross-polarization (CP) step from a t
more abundant nucleus (usually1H), so that a triple-resonan
REDOR experiment can be performed with the same enha
sensitivity found in CP-MAS experiments (30). However, on
disadvantage of REDOR is its need for a separate refe
experiment to account for the presence of uncoupled b
ground nuclei with degenerate chemical shifts, which are
participating in intentionally labeled spin pairs and there
are not experiencing dipolar dephasing (8–10). An individual
reference experiment needs to be acquired for every po
the dipolar dimension, doubling the required experime
time. Subtraction of the REDOR signal (S) from the referenc
signal (S0) yields the difference spectrum, which is then-
vided by the reference signal to account forT2 relaxation. The
esulting data set is used for the internuclear distance ana
owever, even the 1% natural abundance background o13C

can pose a problem to this approach, for example, in
increasingly common case of a labeled spin pair in the pres
of a much larger carbonaceous molecule.

In the 1D (or “single-shot”) version of the REDOR expe
ment, overlapping sites in such a system can complicat
interpretation of individual REDOR dephasing points by
quiring additional correction factors (for example, the sche
used in Refs.15 and 16). In a 2D-REDOR experiment, th

roblem is avoided at the expense of additional measure
ime, but contributes a constant offset to the signal that mu
orrected. In addition, the signal in this indirectly detec
imension is still divided by the reference spectrum to acc

or transverse relaxation. In the presence of experimental
he division process can reduce the fidelity of the signal, espe
t longer times. A final drawback to the difference spec
ituation is that the relatively small dipolar-dephasing sign
asily overwhelmed by any strong background signal, resulti
misuse of the dynamic range of the NMR receiver.
Awareness of many of these issues prompted the dev
ent of the transferred-echo double resonance (TEDOR
eriment (31, 32), in which a polarization transfer step is us

o avoid the contribution of uncoupled spins to the RED
ephased echo. The background signal is effectively p
ycled away so that only the nuclei involved in the polariza
ransfer (i.e., the intentionally labeled spins) contribute sig
cantly to the signal. No reference experiment is neede
EDOR, but the polarization transfer efficiency shows a
endence onD that complicates the measurement, so tha

nitial estimate ofD is needed to analyze the data corre
32). There have been relatively few applications of TED
or distance measurement despite the apparent need for s
xperiment. When TEDOR is used, it is usually employe
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onjunction with REDOR distance measurements (20, 21).
More frequently, TEDOR has been used as a heteronu
correlation technique or as a selective filter for specific
systems (17, 33–36). One likely reason for its lack of use
distance determination is the relatively low experimental tr
fer efficiency of 20–30%, even though the TEDOR tran
step theoretically yields an efficiency of 52% (32). The initial
estimate ofD required to process TEDOR data also favors

se of REDOR for distance determinations.
The purpose of the present work is to describe and de

trate a refined version of the REDOR experiment that c
ines a filtering stage with a robust, traditional version of
EDOR pulse sequence, a possibility first suggested
chaefer and co-workers (37). This experiment has all of th
enefits of TEDOR, without any of the aforementioned dr
acks. A double-cross-polarization (DCP) filter is used ins
f the TEDOR transfer. DCP was first utilized prior to
evelopment of REDOR as a means of studying13C–15N con-

nectivity (38). The DCP experiment has been primarily u
for determinations of13C–15N bond concentrations in label
biological systems (39, 40). We note in passing that distan
measurements using DCP have been achieved using m
analysis (40) and can also be obtained using transient dip
oscillations (41–43), but the analysis of the data is oft
complicated. The shape of the DCP signal is easily distorte
small deviations from a Hartmann–Hahn sideband m
Transform techniques would be more difficult to apply to
DCP signal, which asymptotically approaches one after
time periods (24). However, it is very useful as an initial filt
tep when combined with a robust REDOR sequence. Th
hroughput of a flat-profile DCP sequence is improved by
se of adiabatic-passage Hartmann–Hahn cross-polari
APHH-CP) during both contact time periods (44–46), which
reatly reduces the transient dipolar oscillations and reco
rystallites of all orientations. This avoids any impro
eighting of the REDOR powder pattern (as is the case
xample, in a combined TEDOR-REDOR experiment).
In the new experiment, which we call DCP-REDOR,
CP filter will obviate the need for a reference experim
he DCP-REDOR sequence is found to be sensitive and
uces an indirectly detected signal that can be analyzed

he existing REDOR transform and regularization meth
he lack of the reference experiment saves time and eas
nalysis of 2D-REDOR data by avoiding arbitrary time-
ain baseline correction and noise-induced distortion at lo
volution times. The discussion here will be limited to the
ersion of REDOR measurement on the13C–15N spin pair in

triple resonance experiments (also involving1H nuclei). Ap-
plications to single-shot REDOR experiments and other n
are also possible. As a significant amount of time and m
are often spent labeling and preparing samples for RE
experiments, it seems that a filter for the spin labels ma
used to avoid the aforementioned drawbacks of tradit
REDOR methods.
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28 VOGT ET AL.
PULSE SEQUENCE DESIGN

For the purposes of efficient signal analysis using kn
methods, we seek an experiment that will produce a w
understood signal in its indirectly detected dipolar dimens
Specifically, the signal should be modeled by the follow
equation as a function of time (t):

SREDOR~D, t! 5
Î2 p

4
J1/4~Î2 Dt!J21/4~Î2 Dt!, [1]

where theJ represent Bessel functions of the first kind (23).
his is the signal produced in most of the unfiltered RED
xperiments to date (8–10). Note that this is the inverte
EDOR signal and is obtained from these experiment
omputing either the normalized value 12 (S0 2 S)/S0 or the
atio S/S0. Multiple dipolar couplings can be extracted direc

from a signal of this type by applying the REDOR transform
Tikhonov regularization procedures, usually after Blackm
Harris apodization and zero-filling (23, 24).

This signal is not produced by versions of the TED
experiment used to date (22). Instead, the signal is given b

STEDOR 5
@ J0~V2!# 2

2
2

@ J0~V1!# 2

2

2 O
k51

` 1

16k2 2 1
@ Jk~V2!# 2

1 O
k51

` 1

16k2 2 1
@ Jk~V1!# 2, [2]

where the frequency and time parameters are contained

V6 5 Î2 D~tprep6 tevol!. [3]

he form of this signal prevents use of the REDOR trans
ethod. However, as shown below, a signal like that of Eq

an also be produced by a special form of the TEDOR ex
ment, removing the requirement for ana priori estimate ofD.

e refer to this as a “symmetric” TEDOR sequence, bec
oth the preparation time (t prep) and the evolution time (t evol) are

simultaneously stepped so thatt prep 5 t evol for each point in th
dipolar dimension. Despite the useful form of its signal,
experiment will in fact prove to be unsuitable. We brie
derive its signal to illustrate the problem. Equation [2] can
reduced by use of the following identity (47) with a 5 1

4 , as
was done for the REDOR signal in Ref. (23):
n
ll-
n.
g

y

r
–

]
r-

se

s

e

O
k51

` 1

k2 2 a2 @ Jk~ z!# 2 5
1

2a2 @ J0~ z!# 2

2
p

2a
csc~ap!Ja~ z!J2a~ z!. [4]

pon simplification, this yields

STEDOR 5
Î2 p

4
@ J1/4~V2!J21/4~V2! 2 J1/4~V1!J21/4~V1!#.

[5]

This signal reduces for the symmetric TEDOR case (tprep 5 tevol)
to a simpler form, by setting the value ofV1 equal toÎ2 Dt
(wheret is nowtprep 1 tevol) andV2 equal to zero. Use of the lim

lim
z30

J1/4~ z!J21/4~ z! 5
4

Î2 p
[6]

then yields a simplified form similar to Eq. [1],

Ssym2TEDOR~D, t! 5 1 2
Î2 p

4
J1/4~Î2 Dt!J21/4~Î2 Dt!,

[7]

where t now represents the combined evolution time (
t prep 1 t evol). Unfortunately, instead of decaying to zero like
[1], the symmetric TEDOR signal of Eq. [7] now theoretica
grows to 1. In practice, relatively rapidT2 relaxation causes th
signal to return to zero and distorts the spectral analys
reference experiment may be able to correct for the relax
effect. However, the low efficiency of TEDOR is still an iss
and would pose a problem in more challenging application
our experience, the distorted signals acquired in symm
TEDOR experiments are impractical to process because o
effect, even on simple model compounds.

A superior experiment can be constructed by treating
filter and distance measurement stages of the experimen
arately. A DCP experiment that employs a1H 3 15N 3 13C
transfer is useful as a filter, because signals not arising fro
13C–15N cross-polarization step can be phase cycled awa
spin-temperature inversion (48). As we have noted, the r
cently developed APHH method (44–46) can improve th

fficiency of the DCP filter to the extent that it is a via
pproach to filtration. Most importantly, its removal of tr
ient dipolar oscillations observed between spin pairs gr
educes any weighting of the powder pattern caused b
lter, so that the REDOR transform and regularization t
iques are still valid. Combining a simple DCP filter stage w
REDOR pulse sequence yields the 2D DCP-REDOR p
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29BACKGROUND-FILTERED REDOR EXPERIMENT
sequence. No reference experiment is needed to accou
uncoupled spins. However, because of the lack of a refe
experiment, the DCP-REDOR signal is affected by relaxa
and takes the form

SDCP2REDOR~D, t! 5
Î2 p

4
J1/4~Î2 Dt!

3 J21/4~Î2 Dt!exp~2t/T2!. [8]

In the resulting dipolar spectra, the relaxation appears pr
ily as a broadening of the individual dipolar lines.

EXPERIMENTAL

The triple resonance DCP-REDOR pulse sequence use
is illustrated in Fig. 1. The DCP filter step involves a seque
transfer from1H to 15N and then from15N to 13C. Both transfer

tilize adiabatic sweeps (approximated by a tangential f
ion) over the (21) sideband of the Hartmann–Hahn match
rofile. The sweeps have a depth (D) that is set equal to th

spinning frequency (45, 46). A standard REDOR sequen
follows the filtration step. This sequence is known to be fa
tolerant to small fluctuations of the spinning speed (29), and its
design also avoids any possibility of unintended homonu
recoupling. The pulses on the15N channel make use of t
XY-16 phase cycle to compensate for pulse width er
resonance-offset effects, and phase-shifting errors (28). Proton

FIG. 1. The DCP-REDOR pulse sequence used to obtain backgr
filtered REDOR signals is illustrated. The DCP stage of the experimen
two adiabatic (tangent-ramped) pulses for polarization transfer. The X
phase cycle is used for the repetitivep pulse trains. TPPM decoupling w
used at all times after the initial CP step. The phase cycle includes
temperature inversion to suppress signals not coming through the DCP
with additional cycling to eliminate artifacts from the13C echo pulse. Th
phase cycle is as follows: pulsef1 5 {16 3 0, 163 2}, f2 5 {4 3 3, 4 3

, 4 3 1, 4 3 2}, f3 5 {0, 1, 2, 3}, and receiver phasef4 5 {3, 1, 3, 1, 2,
, 2, 0, 1, 3, 1, 3, 0, 2, 0, 2, 1, 3, 1, 3, 0, 2, 0, 2, 3, 1, 3, 1, 2, 0, 2, 0}, w
is a 0° phase shift, 1 is a 90° phase shift, and so on.
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decoupling during the DCP-REDOR stage and the acquis
period utilizes the TPPM sequence (49), although Lee–Gold

urg decoupling could also be efficiently employed during
CP period (46). TPPM decoupling has been shown to
seful in conjunction with REDOR dipolar evolution perio
50). The decoupler is maintained at a high power (appr
ately three times theB1 field on the13C and15N spins) during

both the DCP and the REDOR stages to avoid detrim
signal loss from any additional Hartmann–Hahn contact51),
which would result in broadened peaks in the dipolar spect

Experiments were performed on an 11.7-T Varian/Chem
netics Infinity spectrometer operating at irradiation frequen
of 499.62, 125.63, and 50.63 MHz for1H, 13C, and 15N,
respectively. A Chemagnetics triple resonance 5-mm M
probe (Model MPRB-500377) was used, and the spin
speed was stabilized to 80006 1 Hz by a Chemagnetics sp
rate controller. During the DCP filter stage, the13C spin-lock
pulse and the first15N spin-lock pulse were both tangentia
ramped from 32 to 40 kHz across the (21) sideband matchin
condition. For the REDOR stage of the sequence, allp pulses
were 10 to 12.5ms in duration corresponding to nutat
frequencies of 40 to 50 kHz. The TPPM decoupling power
set to 65 kHz during acquisition and increased to 100 kH
the stages requiring a Hartmann–Hahn mismatch. All TP
phase shifts were 15°, and the phase alternation time was
an experimentally optimized value slightly shorter than
width of ap pulse (49). A recycle delay of 5 s was used for a

xperiments discussed here.
Two test samples were employed in this work. The first

-13C, 15N-glycine (Cambridge Isotope Labs, Inc.) diluted t
level of 10% (w/w) in natural abundance glycine by recrys
lization from water. A second glycine test sample consiste
1-13C, 15N-glycine (Isotec, Inc.), also diluted to 10% in un-
beled glycine.

RESULTS AND DISCUSSION

Initial Demonstration of DCP-REDOR

The DCP-REDOR pulse sequence can be easily de
strated on isotopically labeled glycine samples. The resu
a DCP-REDOR experiment on the 2-13C, 15N-labeled glycine
sample are shown in Fig. 2. A total of 48 points were acqu
every 4 rotor cycles (0.5 ms) for a total of 192 rotor cycles
a spectral width in the dipolar dimension of 2 kHz. The in
DCP transfer required a 10-ms contact time period for the15N
to 13C polarization transfer. The complete experiment (with
a reference) required approximately 15 h of acquisition tim
useful signal could be acquired in far less time; however
goal in this case is to demonstrate the possibility of obse
long-time oscillations in the dipolar signal. In the case
glycine, oscillations can be seen as far out as 164 rotor c
(;20 ms), leading to relatively high resolution in the dipo
dimension. The DCP filter effectively removes any contr
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30 VOGT ET AL.
tion from uncoupled13C spins to the dipolar signal, whi
ecays to zero in the time domain.
The dipolar couplings can be extracted directly from

ignal by applying the REDOR transform after Blackm
arris apodization and zero-filling to 64 points. The results
hown in Fig. 3a, where the peak at;880 Hz corresponds

an internuclear distance of;1.50 Å. This is close to the 1.47-
istance known from the crystallographic structure of gly
53). The difference between the two values is consistent
he known vibrational elongation of distance measuremen
MR (54, 55). Application of the closely related Tikhon

egularization procedure to this data set results in the impr
pectrum of Fig. 3b, where the high frequency noise evide
ig. 3a has been effectively removed (24). The surprising
uality of this spectrum is most likely caused by the positi
onstraints of the Tikhonov procedure, combined with its
imal handling of Gaussian experimental noise. As we h
oted, theT2 relaxation that occurs during the dipolar evo-

ion contributes only to the linewidth of the peak in the dip
pectrum. These spectra illustrate that this effect doe
ppear to significantly reduce the dipolar resolution of
pectra.
One potential limitation of the DCP-REDOR sequence is

engthy mixing periods required to measure weaker coupl
n order to address this issue, we present a second demo
ion of the DCP-REDOR pulse sequence in the form
easurement of a weaker dipolar coupling constant, c

FIG. 2. (a) Forty-eight points of DCP-REDOR data obtained from
2-13C, 15N-labeled glycine sample. (b) Expanded plot of DCP-REDOR
showing the smaller dipolar oscillations observed at longer evolution t
The dashed line is a guide to the eye.
s
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e
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e

e
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sponding to an internuclear distance of approximately 2.5
in the 1-13C, 15N-labeled glycine sample. A DCP-REDO
experiment on this sample resulted in 26 points of data
quired every eight rotational periods (Fig. 4a). This co

a
s.

FIG. 3. (a) The REDOR transform and (b) Tikhonov regularization of
data presented in Fig. 2, after 3-point, 67-dB Blackman–Harris apodizatio
zero-filling to 64 points. The measured coupling of 880 Hz correspond
;1.50-Å internuclear distance.

FIG. 4. (a) Twenty-six points of DCP-REDOR data obtained from
1-13C, 15N-labeled glycine sample. (b) REDOR transform of the data set i

fter apodization and zero-filling to 52 points. The measured coupling o
z indicates a internuclear distance of;2.50 Å.
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31BACKGROUND-FILTERED REDOR EXPERIMENT
sponds to a sampling interval of 2 ms with the given spin
rate of 8 kHz. In this case, a 25-ms contact time period
needed to transfer polarization from15N to 13C via the secon

PHH-CP stage. The REDOR transform of this data s
hown in Fig. 4b. The single peak at 200 Hz indicate
istance of;2.50 Å and corresponds well to the 2.48
istance determined by X-ray analysis (53). The experimen
hown here was run much more rapidly than that discu
bove, requiring only an hour to complete. We also note

he longerT2 of the glycine carbonyl site, from which the
ata were obtained, makes this distance a favorable ca
EDOR measurements. Nevertheless, this serves to de
trate the potential limits of DCP-REDOR measurement
urther acquisition of time-domain data was limited in our c
y spectrometer and probe hardware.
Both of the time-domain data sets shown here exhib

nteresting effect that is due to the nature of the DCP-RED
xperiment. At shorter times, the normalized signal intensi
igs. 2 and 4 dips excessively below zero compared to
odel decay of Eq. [1]. We attribute this effect to incomp

ransfer from all crystallite orientations by the DCP filter. T
as been noted and discussed previously (45) and is caused b

the initial jump in RF amplitude when the adiabatic sw
pulse is turned on. The problem might be avoided by perf
ing the adiabatic sweep upwards from zero; however, an
itable loss of signal would occur as multiple sidebands
matched. The spectra illustrated here do not seem to be a
ciably affected by this issue. We therefore continue to us
adiabatic sweep over a single sideband for the remainder o
work and recommend its use in general.

The Reference Experiment and Signal Processing
Implications

The REDOR reference signal (S0) has two functions. Th
first is to account for uncoupled background spins (via
subtraction in the difference spectrum). TheS0 signal is also
intended to remove the effects ofT2 relaxation by subseque
division of the signal. The first function of the reference sig
is no longer required in the DCP-REDOR experiment. H
ever, it is less clear whether the reference experiment is ne
for the removal ofT2 relaxation effects in DCP-REDOR a
what its effect would be if used. We have already noted thT2

relaxation will appear as a line broadening in the dip
spectrum. Here we examine additional effects of dividing
experimental REDOR (or DCP-REDOR) signal by its re
ence. It will be shown that the result is a tradeoff betw
increased noise in signals that have been divided by
reference and increased linewidth in signals that have no
delineate this tradeoff more clearly, an error analysis o
REDOR and DCP-REDOR experiments is required.

The divided REDOR signal is obtained from theS0 refer-
nce signal and theS (dipolar-recoupled) signal,
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SREDOR5 1 2
S0 2 S

S0
;

S

S0
. [9]

We will assume that the noise distribution forS0 andS is the
ame. This is a valid assumption since the level of ran
oise entering the experiment should not depend upon w
xperiment is conducted. It is also assumed that the errorsS0

and S are uncorrelated, since the two experiments are
formed separately. If the noise or error present in a given s
is s, then the rules of error propagation yield the follow
noise level for the divided REDOR signal (56):

sdiv 5 Î~SREDOR!
2Ss S

2

S2 1
s S0

2

S0
2 D . [10]

Again, we neglect cross-correlation terms (which should
zero). Since the amount of noise does not depend o
experiment, such thatsS 5 sS0 [ s, the expression abo
becomes

sdiv 5 ÎS S

S0
D 2Ss 2

S2 1
s 2

S0
2D . [11]

Rearranging, we have

sdiv 5 Îs 2

S0
2 S1 1

S2

S0
2D . [12]

This expression determines the effect of experimental no
the individualS andS0 signals on the noise level of the fin
divided signal.

The theoretical effect of the reference signal is to rem
relaxation effects at all times. Experimental noise will af
this process, especially at longer times, where the RE
signal appears asS/S0 ' 0. Equation [12] then becomes

sdiv <
s

S0
. [13]

The meaning of Eq. [13] is made clear if theS0 signal is
modeled by an exponential decay, which is the form it usu
takes in REDOR experiments:

S0 5 expS2t

T2
D . [14]

Equation [13] then becomes

sdiv < s z expS t

T2
D . [15]
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From Eq. [15], the behavior of the noise level in the divi
signal is immediately apparent. As the dephasing timet is
ncreased, the noise becomes exponentially more signifi
lso, as T2 becomes shorter, the uncertainty again gr

larger. Thus, asS0 approaches zero, the uncertainty or rand
noise in the signal becomes quite large. This consider
often precludes the acquisition of important REDOR
points at longer dephasing times.

It is also interesting to examine the short-time behavio
the noise propagation in the divided REDOR signal. H
S/S0 ' 1 and Eq. [12] becomes

sdiv 5 Î2 s. [16]

Thus, even at shorter dephasing times, the noise level i
divided REDOR signal is enhanced by a factor of=2. To
summarize, at all time points during the REDOR experim
the division byS0 results in the possibility of more rando
uncertainty being introduced into the time-domain signal.
divided signal becomes especially sensitive to noise durin
latter part of the signal (as the dephasing time is increase
whenT2 is small.

The situation is different for the DCP-REDOR experim
Since it does not require a reference, the uncertainty is
pendent of both the dephasing time andT2. The experimenta
data sets shown to this point (for the glycine samples) do
suffer from this enhancement of the noise level. If a refer
was used in the DCP-REDOR experiment, which is possib
simply deleting the REDOR dephasing pulses and repe
the experiment, then the above analysis would again a
This allows for a convenient demonstration of these ef
using DCP-REDOR, which also clarifies the role of the re
ence in a REDOR experiment. Since the reference is req
for dipolar processing of REDOR, this demonstration ca
be made without the DCP filter.

A DCP-REDOR experiment was performed on the 2-13C,
15N-labeled glycine sample, under conditions similar to th
used to produce the data of Fig. 2. However, in this case, a
of 96 points in the dipolar dimension were sampled every
rotor periods. This oversampling of the dipolar signal was d
to more clearly illustrate the predictions of Eq. [15]. A sec
DCP-REDOR experiment was performed as a reference,
the p pulses on the15N channel turned off. This yielded
smooth, exponential decay. Both experiments were also
over a shorter interval than was used above; each require
to complete. The REDOR-transformed result of the D
REDOR experiment divided by its reference is shown in
5a. (Note that the Tikhonov regularization procedure wou
fact suppress this noise and distort the analysis). In Fig. 5
transform of the DCP-REDOR signal alone (with no divisi
is illustrated. From a comparison of these two data sets
clear that the division of data using the reference experi
nt.
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narrows the peak in the dipolar spectrum, but at the expen
increased noise.

Division by the reference signal is necessary for sin
shot REDOR measurements, but in the full 2D approac
REDOR, the effect of the division is to introduce more rand
uncertainty into the measurement. The effect is espec
severe in its amplification of the noise at the end of
time-domain signal. A partial avoidance of this problem wo
require the user to arbitrarily truncate the signal. This cou
an undesirable penalty in samples with weaker dipolar
pling and shorterT2 relaxation times, as in many biologica
relevant samples. In practice, we have found that this u
tainty, coupled with the additional time required for a DC
REDOR reference experiment, is in general not worth
line-narrowing effect. However, in samples with multiple
polar couplings of similar magnitude, division by the refere
signal could prove to be worthwhile.

The ultimate solution to this issue may take the form
constant-time version of the REDOR experiment (9, 10), such
as the XDM sequence (43). This would avoid the effect o
elaxation in its entirety. We note, however, that a cons
ime experiment suitable for the transform analysis is no
vailable. Also, the issue of reintroduced heteronucleaJ-
oupling could further complicate the matter.

omparison of Filtering Methods

The efficiency of the APHH-DCP filtering method used h
s demonstrated in Fig. 6. For all of the spectra shown
nitial 1H 3 X transfer always utilized an identical sing

FIG. 5. (a) REDOR transform of an oversampled DCP-REDOR dat
after division by a separate DCP-REDOR reference experiment. (b) RE
transform of the same data set, but without division by the reference e
ment. The tradeoff between additional noise and narrowing of the peak (
Hz) is clearly shown. The spectra each consist of a total of 192 data p
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APHH ramp of 8 kHz on either the13C or 15N channel. Th
P-MAS spectrum obtained in this manner is shown at th
s a reference. The other three sequences act as filters

13C–15N spin pair in the glycine sample, as can be seen from
suppression of the carbonyl signal. The APHH-DCP stage
initial part of the sequence given in Fig. 1) shows an efficie
of about 44% of that of the CP-MAS spectrum, after correc
for natural abundance effects in the CP-MAS data. The
profile (HH-DCP), using an initial1H 3 15N APHH transfer
howed a transfer efficiency of just 16%. The use of TED
s an initial filter for a REDOR experiment was also exami

n Fig. 6, we show TEDOR data acquired with six prepara
nd six dephasing rotor periods, which yields the maxim
oherence transfer for this spinning speed (32). This shows a

approximate intensity of 20% relative to the other meth
The performance of both the HH-DCP and the 6,6-TED
filter is relatively poor, making their use as an initial filter
a REDOR experiment somewhat uneconomical.

The superior performance of the APHH-DCP filter has b
attributed to two effects: the efficiency gain of an adiab
passage over the (21) sideband and the additional effect of
amp broadening the HH match for all crystallites and all
ting many RF inhomogeneity concerns (45, 46). The APHH-
CP filter used here also allows maintenance of an effi

FIG. 6. A performance comparison is presented of the three filte
methods discussed in the text. The1H3 13C CP-MAS spectrum of the label
glycine sample is given as a reference and was acquired using a sin
APHH sequence with the13C ramp set for aD 5 8 kHz. The APHH-DCP
spectrum was obtained using the filter stage shown in Fig. 1 with bothD values
set to 8 kHz. A DCP spectrum without a second APHH ramp and a
TEDOR spectrum are shown for comparison.
p
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match with proton decoupling turned on during the sec
contact time period, thus preserving overall signal inten
The original DCP experiments were performed with de
pling turned off during this period to broaden the very sens
13C–15N matching condition (38–40).

Experimental Optimization of DCP-REDOR

The combination of DCP and REDOR introduces s
complications in the choice of optimum spinning speed fo
experiment. In general, a faster spinning speed allows
large adiabatic sweep depth (D) and higher DCP efficienc
(45, 46). The REDOR stage of the experiment shown in Fi
can also benefit from faster MAS speeds. Theoretical sim
tions have shown that the presence of a significant che
shift anisotropy (CSA) on the15N spin (or the spin receivin
the dephasing pulses) affects the performance of the ty
REDOR experiment discussed here. In particular, the XY-
phase cycles perform best at spinning speedsvr that exceed th
approximate relation (57, 58)

v r $ 3
4 v0~s33 2 s iso!, [17]

wherev0 is the Larmor frequency and thes values characte-
ze the magnitude of the chemical shift tensor. If this cond
s not exceeded, finite pulse widths can lead to distortion
he apparent dipolar frequency in the REDOR spectrum
ractice, we have noticed this effect in many REDOR ex

ments at higher static field strengths. Fast spinning thus
fits both the REDOR and the DCP phases of this experim
However, a speed limit on the REDOR stage of the ex

ment is also enforced by the presence of finite pulse width
hese widths exceed;10% of the rotor period, addition
ipolar frequencies can be produced that would significa
lter the dipolar spectrum (58). It seems that the best balan
etween these criteria is to set the spinning speed based
ighest achievable RF powers, so that the speed is as h
ossible without thep pulse widths consuming more than 1

of the rotor period. We have followed this prescription in
present work. Current power limitations might make this s
ation more challenging on higher field instruments (i.e., gre
than 11.7 T) and when studying nuclei with more signific
CSA magnitudes (such as19F). In these cases, the recen
developed SFAM pulse sequence can provide an altern
solution (59).

CONCLUSIONS

A background-filtered version of the REDOR experim
has been successfully demonstrated. This experiment is
tively efficient due to its use of two APHH-CP stages and
a number of advantages that ease the processing of the
imental data. The sequence generates a well-under

g

CP

6-
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REDOR signal that decays to zero, the analysis of which ca
accomplished using a number of complementary proce
techniques. The loss of the background signal allows bette
of the dynamic range of a spectrometer and simplifies
analysis of complex materials with strong background sig
The sequence is particularly useful for suppressing na
abundance signals in13C-detected REDOR, which also avo
the complicated three-spin problems inherent in15N-detected
REDOR (19). The signal lost in the DCP filter is partia
ecovered over time by the lack of a reference experimen
hat the experiment is a viable alternative to REDOR w
orking with moderate to weak couplings in systems suc
ound biomolecules. In cases where a single coupling i
erved, further improvement could be realized by combi
he DCP selection stage with a synchronous-detected RE
xperiment (9) for simplified, one-dimensional distance m

surements. Although we have focused only on 2D experim
the single-shot REDOR methodology can also benefit from
approach if transverse relaxation can be quantified by a
ence experiment.
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