
c

fi
w
x
e

Y

Journal of Magnetic Resonance146,132–139 (2000)
doi:10.1006/jmre.2000.2128, available online at http://www.idealibrary.com on
Recoupling of Heteronuclear Dipolar Interactions with Rotational-Echo
Double-Resonance at High Magic-Angle Spinning Frequencies

Christopher P. Jaroniec,* Brett A. Tounge,*,† Chad M. Rienstra,*,1 Judith Herzfeld,† and Robert G. Griffin*,2

*Department of Chemistry and Francis Bitter Magnet Laboratory, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139; and†Department of Chemistry, Brandeis University, Waltham, Massachusetts 02254

Received February 2, 2000; revised May 22, 2000
ea
mo
ve

twe
an
nts
an

gic
ero
o
of

e s

lear
t

fec-
e

t ms of
b

iple
l

ime
he
ffect

the
sig-

ses.

lar
loquet

H ver-
a lse
l ons

( lar
ance
oge-
from
(in

o R
x ar-
i hese
p alyt-
i the
d prop-
a

Ne

u. F
Heteronuclear dipolar recoupling with rotational-echo double-
resonance (REDOR) is investigated in the rapid magic-angle spin-
ning regime, where radiofrequency irradiation occupies a signifi-
cant fraction of the rotor period (10–60%). We demonstrate, in
two model 13C–15N spin systems, [1-13C, 15N] and [2-13C, 15N]gly-
ine, that REDOR DS/S0 curves acquired at high MAS rates and

relatively low recoupling fields are nearly identical to the DS/S0

curve expected for REDOR with ideal d-function pulses. The only
noticeable effect of the finite p pulse length on the recoupling is a
minor scaling of the dipolar oscillation frequency. Experimental
results are explained using both numerical calculations and aver-
age Hamiltonian theory, which is used to derive analytical expres-
sions for evolution under REDOR recoupling sequences with dif-
ferent p pulse phasing schemes. For xy-4 and extensions thereof,

nite pulses scale only the dipolar oscillation frequency by a
ell-defined factor. For other phasing schemes (e.g., xx-4 and
x#-4) both the frequency and amplitude of the oscillation are
xpected to change. © 2000 Academic Press

Key Words: solid-state NMR; magic-angle spinning; hetero-
nuclear dipolar recoupling; rotational-echo double-resonance; fi-
nite pulse effects.

INTRODUCTION

Distance and dihedral angle constraints are powerful m
for characterizing the three-dimensional structure of bio
ecules. In solution-state NMR, the use of the nuclear O
hauser effect to establish through-space connectivities be
1H nuclei is the foundation of structural studies of proteins
nucleic acids (1). In addition, recently developed experime
(2, 3) can be used to correlate anisotropic interactions
provide direct information about dihedral angles. In ma
angle spinning (MAS) solid-state NMR, homo- and het
nuclear dipolar recoupling techniques (4–8) are employed t
measure internuclear distances and relative orientations
polar tensors.

The rotational-echo double resonance (REDOR) puls
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quence (9, 10) is frequently used to recouple heteronuc
dipolar interactions in isolated pairs of spin-1

2 nuclei, usually a
relatively low magic-angle spinning frequencies (v r / 2p ;
2–8 kHz). REDOR is well compensated for pulse imper
tions and resonance offsets (11) when recouplingp pulses ar
phased according to schemes based onxy-4 (12), and the
echnique has been successfully applied to many syste
iological interest (13–17).
REDOR experiments in spin systems involving mult

ow-g nuclei (18–21) and/or strong1H couplings (22) can
potentially benefit from spinning frequencies in the reg
v r / 2p ; 10–30kHz. However, a concern in relation to t
performance of REDOR at high MAS frequencies is the e
of the finite p pulse length on the recoupling (23, 24). The
major aim of the work presented here is to investigate
REDOR recoupling dynamics under conditions where a
nificant fraction of the rotor period is occupied by RF pul

THEORY

The effect of finite pulses on the REDOR (Fig. 1) dipo
dephasing curve has been considered previously using F
theory (25, 26) and average Hamiltonian theory (AHT) (23).

ere we derive analytical expressions for the first-order a
ge Hamiltonians (27) for REDOR sequences with finite pu

engths and differentp pulse phasing schemes. Calculati
were performed for the following phasing schemes: (i)xyxy
(REDOR xy-4), (ii) xxxx (REDOR xx-4), and (iii) xx#xx#
REDOR xx# -4). Considering only the heteronuclear dipo

coupling and finite pulse lengths (i.e., neglecting reson
offsets, CSAs, and pulse imperfections such as RF inhom
neity and phase transients), all phasing schemes derived
xy-4 (12) have the same first-order average Hamiltonian

ur experiments we have used thexy-16 scheme). REDO
x-4 and REDORxx# -4 simulations are included for comp

son, although we have not performed experiments with t
hasing schemes. In addition, for comparison with the an

cal AHT results, we have carried out simulations for
ifferent REDOR sequences by the stepwise numerical
gation of the density operator for a two-spin system.
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133RECOUPLING OF HETERONUCLEAR DIPOLAR INTERACTIONS
The high-field truncated Hamiltonian for the heteronuc
dipolar coupling between spins I and S under magic-a
spinning can be expressed as (28)

H IS~t! 5 2
1

2
bIS$sin2~b!cos@2~g 1 v rt!#

2 Î2 sin~2b!cos~g 1 v rt!%2I zSz, [1]

where

bIS 5 2 S m0

4pD g IgS\

r IS
3 [2]

is the dipolar coupling constant, which depends on the
distance,r IS, and gyromagnetic ratios characteristic of the I

spins,g I and gS, respectively. The Euler angles,b and g,
relate the I–S dipole vector to the rotor-fixed reference fra

In the interaction representation defined by the RF field
Hamiltonian for the I–S dipolar coupling acquires an additio
time-dependence according to

H̃ IS~t! 5 U rf
21~t, t0! H IS~t!Urf~t, t0!, [3]

here the propagator due to the RF pulse on the S spin
he x axis of the rotating frame is defined as

Urf~t2, t1! 5 exp$2iv rfSx~t2 2 t1!%. [4]

FIG. 1. REDOR pulse sequence (9, 10). Following ramped1H–13C cross
olarization (43), the13C signal is observed as a spin-echo. The intensity o

echo is modulated due to the13C–15N dipole interactions, recoupled by app-
ing rotor-synchronizedp pulses to15N spins. Timing of15N pulses within th
otor period is shown in the inset, and the basicxy-4 phase cycle is indicate
he experiments shown used thexy-16 scheme (12). The 13C refocusing puls

was 10ms and15N p pulses were 10–20ms. Reference (S0) experiments wer
performed in the absence of15N pulses.
r
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For the different REDOR sequences considered here, th
pulses applied to the S spin impart a time-dependence toSz

operator, and the interaction frame Hamiltonian can be wr
(25, 26)

H̃ IS~t! 5 v IS~t!$ f~t!2I zSz 1 g~t!2I zSx 1 h~t!2I zSy%, [5]

here v IS(t) is the crystallite-dependent dipolar oscillat
requency (cf. Eq. [1]), and the coefficientsf(t), g(t), andh(t)
are as shown in Fig. 2. Here,f(t) is identical for allp pulse
phasing schemes and toggles between61 during subseque
delays between pulses. Coefficientsg(t) andh(t) are a direc
consequence of the finite pulses: they can be non-zero

FIG. 2. (a) Details of the REDOR pulse sequence. (b–e) Thef(t), g(t),
and h(t) coefficients in the interaction frame Hamiltonian (cf. Eq. [5])
REDOR sequences with different phasing schemes. Thef(t) coefficient (b) is
identical for all phasing schemes, and theg(t) andh(t) coefficients, shown fo
(c) REDORxy-4, (d) REDORxx-4, (e) and REDORxx# -4, are different fo
the various phasing schemes.
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134 JARONIEC ET AL.
during the pulses and are different for the various pha
schemes (26).

The first-order average Hamiltonian is calculated as
verage of the interaction frame Hamiltonian over the c

ime, t c, of the pulse sequence (27):

H̃# IS
~1! 5

1

tc
E

t0

t01tc

H̃ IS~t!dt. [6]

xplicit calculation of the first-order average Hamiltonian
he I–S dipolar coupling for REDORxy-4 with finite pulse
ields

H̃# IS
~1! 5 2

Î2

p
bIS

cos~~p/ 2!w!

1 2 w 2 sin~2b!sin~g!2I zSz, [7]

where

w 5
2tp

t r
[8]

is the fraction of the rotor period occupied by RF pul
defined in the range 0# w # 1. With the initial density

peratorr(0) 5 I x, the evolution under the average Hami-
nian in Eq. [7] results in the observable signal for individ
crystallites,

S~t! 5 cos~vt!, [9]

ith

v 5 2
Î2

p
bIS

cos~~p/ 2!w!

1 2 w 2 sin~2b!sin~g!. [10]

We note that the effective dipolar coupling constant,bIS
eff, for

EDORxy-4 with finite pulses, differs from the dipolar co
ling constant for the sequence with ideald-function pulse

(i.e., w 5 0) only by the factor

k ;
b IS

eff

bIS
5

cos~~p/ 2!w!

1 2 w 2 . [11]

In the limit of windowless RF irradiation, we obtain limw31 k 5
p/4. However, for relatively large values ofw, which are o
practical interest,k remains close to unity. Forw 5 0.6 (e.g.
v r / 2p 5 30 kHz andv rf / 2p 5 50 kHz) the effective dipola
coupling is expected to be only;8% lower than the couplin
in the w 5 0 limit.

Similar derivations of the first-order average Hamilton
or REDORxx-4 and REDORxx# -4 yield
g

e
le

r

,

l

H̃# IS
~1! 5 2

Î2

p
bIS

cos~~p/ 2!w!

1 2 w 2

3 sin~2b!@sin~g!2IzSz 1 w cos~g!2I zSy# [12]

and

H̃# IS
~1! 5 2

1

p
bISF Î2

cos~~p/ 2!w!

1 2 w 2 sin~2b!sin~g!2I zSz

1
w cos~pw!

1 2 4w 2 sin2~b!cos~2g!2I zSyG , [13]

respectively.
For both sequences, the observable signal for indiv

crystallites is given by

S~t! 5 cos~ÎV 2 1 F 2t!, [14]

ith

Vxx 5 Vxx# 5 2
Î2

p
bIS

cos~~p/ 2!w!

1 2 w 2 sin~2b!sin~g!, [15a]

Fxx 5 2
Î2

p
bIS

w cos~~p/ 2!w!

1 2 w 2 sin~2b!cos~g!, [15b]

Fxx# 5 2
1

p
bIS

w cos~pw!

1 2 4w 2 sin2~b!cos~2g!. [15c]

ote that for REDORxx-4, in the special case of windowle
F irradiation of constant phase (w 5 1 in Eqs. [15a]–[15b])

he observable signal reduces to the expression independ
he Euler angle,g, expected forn 5 61 rotary resonanc
recoupling (29),

S~t! 5 cos~ṽt!, [16]

ith

ṽ 5 2
1

2Î2
bISsin~2b!. [17]

In Fig. 3 we compare the analytical finite pulse AHT
pressions (cf. Eqs. [9], [10] and [14], [15]) with numeri
simulations. The REDOR (S0 2 S)/S0 5 DS/S0 curves (S0

and S represent the reference and dipolar dephasing ex
ments, respectively) were calculated forbIS 5 190 Hz (corre-
sponding to a C–N distance of 2.53 Å) andw 5 0.1–0.66
Excellent agreement is obtained between the first-order
age Hamiltonian analysis and the numerical simulations fo
phasing schemes considered. For REDORxy-4 (Fig. 3a), the

ipolar coupling is scaled from that expected for the i
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135RECOUPLING OF HETERONUCLEAR DIPOLAR INTERACTIONS
d-function pulse sequence by a well-defined factor (cf.
[11]). However, the amplitude of the oscillation remains
changed. The effect of finite pulses on the dipolar couplin
REDOR xx-4 (Fig. 3b) and REDORxx# -4 (Fig. 3c) is more
complicated; for these sequences both the dipolar oscill
frequency and the amplitude are expected to change
conditions where the recoupling pulses occupy a signifi
fraction of the rotor period.

RESULTS AND DISCUSSION

In Figs. 4a and 4b we show experimental REDORDS/S0

curves and simulations for [1-13C, 15N]glycine (bIS ; 200 Hz)
and [2-13C, 15N]glycine (bIS ; 900 Hz), respectively, record

t spinning frequenciesv r / 2p 5 5–15 kHz andrecoupling

FIG. 3. Comparison of REDORDS/S0 curves calculated numerically a
using the average Hamiltonian expressions (see text) forbIS 5 190 Hz and

ifferent values ofw for (a) REDORxy-4, (b) REDORxx-4, and (c) REDOR
x# -4. Average Hamiltonian calculations are shown as discrete points fow 5
.1 (E), 0.33 (F), 0.5 (‚), and 0.66 (Œ). Numerical simulations for th
orresponding combination ofw and phasing scheme are shown as solid
- - -). For reference we also show theDS/S0 curve calculated for the ide

d-function pulse sequence (- - -).
.
-
r

on
er

nt

RF fieldsv rf / 2p 5 25–50 kHz(i.e., 0.1# w # 0.606). The
ower fields were used to create experimental condit
here RF pulses occupy a significant fraction of the r
eriod. For clarity, only a few representativeDS/S0 curves ar

shown in Fig. 4. According to the simulations for RED
xy-4 (cf. Fig. 3a), the finitep pulses are expected to scale
dipolar coupling by the factork given in Eq. [11]. As alread
noted, for most experimental conditions of practical interes
anticipate only a minor (i.e.,,10%) decrease inbIS. The
scaling of the dipolar coupling can be observed experimen
in both model compounds considered here. In Fig. 4 we s
that an increase inw from 0.1 to 0.6 results in a relatively sm
decrease in the dipolar oscillation frequency.

For a more quantitative comparison of the average Ha
tonian result of Eq. [11] and experimental measuremen
bIS

eff, we fit the REDORDS/S0 curves with the analytic
expression

^DS/S0&~t! 5 lF1 2 E
0

p

db sin~b! E
0

2p

dg

3 cosH2
Î2

p
b IS

effsin~2b!sin~g!tJG . [18]

FIG. 4. Experimental REDORDS/S0 curves for (a) [1-13C, 15N]glycine
nd (b) [2-13C, 15N]glycine. In (a)DS/S0 curves are shown forw 5 0.1 (E),

0.455 (F), and 0.606 (‚), and in (b) curves are shown forw 5 0.2 (E) and
.606 (F). TheDS/S0 curves simulated according to Eq. [18] (see text) are

shown (—). All experiments were performed at 500.1 MHz1H frequency
v r / 2p 5 5–15 kHz, andvr f~

15N)/2p 5 25–50 kHz. During REDOR, CW
1H decoupling was applied at 100 kHz (a) and 83 kHz (b). In all exp-

ents 83 kHz TPPM1H decoupling (34) (phase differencef 5 12°, t 5
5.3 ms) was used during detection. For [1-13C, 15N]glycine, the REDOR
period was incremented in steps of 0.4 ms (w 5 0.1, 0.2) and 0.396 ms (w 5

.303, 0.455, 0.606). For [2-13C, 15N]glycine, the increments were 0.4 m
w 5 0.1), 0.2 ms (w 5 0.2), and 0.132 ms (w 5 0.303, 0.455, 0.606).
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136 JARONIEC ET AL.
Here, the scaling factorl accounts for the contribution to t
0 curve from13C spins without a neighboring15N (a result o
ilution in natural abundance material and/or imperfect is
ic labeling). The incorporation of13C and15N labels in [1-13C,

15N] and [2-13C, 15N]glycine (Cambridge Isotope Laboratori
was ;98–99%. The [2-13C, 15N]glycine sample was not d-
luted in natural abundance glycine, and experimental data
best fit withl 5 1.0. The [1-13C, 15N]glycine was diluted with
a ratio of ;1:10 in natural abundance glycine. With61%

ncertainties in the dilution and13C and 15N labeling, we
expectl ; 0.85–0.90. For the REDOR experiment withw 5
0.1, the best fit was obtained forl 5 0.865, which was fixe

t this value for all subsequent simulations.
For each experiment the effective dipolar coupling,bIS

eff, was
determined by minimizing the reducedx2 (30),

x n
2 5

1

n
O
i51

n 1

s i
2 @sexp

i 2 ssim
i # 2, [19]

wheresexp
i and ssim

i are the intensities of thei th experimenta
and simulated points, respectively,s i

2 is the variance of thei th
experimental point, andn is the number of degrees of freed
defined as the difference between the number of experim
points in theDS/S0 curve, n, and the number of adjustab
parameters used in the fit. In our simulationsbIS

eff was the only
adjustable parameter (i.e.,n 5 n 2 1), and for eachw, s i

2

were obtained according to

s i
2 5

1

N 2 1 O
j51

N

$@sexp
i # j 2 sexp

i % 2. [20]

Here,N is the number of independently recordedDS/S0 curves
(N 5 3–9 in our experiments), [sexp

i ] j is the intensity of thei th
xperimental point,sexp

i , in the j th DS/S0 curve, andsexp
i is the

average ofN determinations ofsexp
i .

The resulting values of the effective dipolar coupling c
stants for [1-13C, 15N] and [2-13C, 15N]glycine are listed in
Table 1. ThebIS

eff values were fit with the analytical AH

TABLE 1
Experimentally Determined Effective C*–N and Ca–N

Dipolar Couplings in Glycine

t p (ms) t r (ms) w bIS
eff(C9-N) (Hz) bIS

eff(Ca-N) (Hz)

10 200 0.100 1896 2a 8696 35a

10 100 0.200 1886 2 8866 10
10 66 0.303 1786 5 8756 11
15 66 0.455 1796 2 8546 12
20 66 0.606 1736 2 8266 20

a Uncertainties inbIS
eff (reported at 95% confidence level) were obta

following standard procedures described in Ref. (30).
-

re

tal

-

expression, describing the scaling of the dipolar coupling
to the finite pulses:

b IS
eff 5 bIS

cos~~p/ 2!w!

1 2 w 2 . [21]

The fitting was performed by minimizingxn
2 (cf. Eq. [19]),

where the single fit parameter wasbIS, the dipolar coupling i
the limit of ideald-function pulses. For both model compou
all experimentally determined effective dipolar couplings
within 10% of the coupling in thew 5 0 limit, and the
agreement between AHT calculations and experimental re
shown in Fig. 5 is good. Therefore, for REDOR experim
where RF pulses occupy a significant fraction of the r
period, the dipolar coupling constant,bIS, can be calculate
from the experimentally determined effective coupling asbIS

5 bIS
eff(1 2 w2)/cos((p/2)w).

For the strong13C–15N coupling in [2-13C, 15N]glycine, only
the w 5 0.1 experiment (v r / 2p 5 5.0 kHz, v rf / 2p 5 50
kHz) deviates slightly from theory. However, forv r / 2p # 5.0
kHz we expect the accuracy and precision of the fit for
strong dipolar coupling to be somewhat compromised, du
the limitation in the number of points that can be acquire
the DS/S0 curve. In our experiments, the minimum increm
for the REDOR period is 2t r (i.e., only 18 data points could
acquired for 6.8 ms of dipolar evolution atv r / 2p 5 5.0 kHz).

For the weaker13C–15N coupling in [1-13C, 15N]glycine, all

FIG. 5. Comparison of experimentally determined effective dipolar
plings (E) and the best-fit theoreticalbIS

eff vs w curves (—) calculated using E
21] for (a) [1-13C, 15N]glycine with bIS 5 188 Hz and (b) [2-13C, 15N]glycine
with bIS 5 894 Hz.
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137RECOUPLING OF HETERONUCLEAR DIPOLAR INTERACTIONS
experimental points, exceptw 5 0.303, agree well with theor
The effective C9–N dipolar coupling forw 5 0.303 was dete

ined to bebIS
eff 5 1786 5 Hz (note that the uncertainty in t

value of bIS
eff for this w is significantly higher than the unce-

tainties for otherw given in Table 1). Careful inspection of t
experimental data (not shown) revealed that points betwee;7

nd 9 ms of thew 5 0.303 DS/S0 curve reproducibly ha
;2–3% lower intensity than expected for the simple mode
C–N dipolar evolution described by Eq. [18], resulting i
worse fit (nineDS/S0 curves were recorded for these exp-
mental conditions and all exhibited the same feature). We
note that for identicalv r / 2p and vr f

~ 1H!/ 2p, but differen
vr f

~ 15N!/2p (i.e., w 5 0.455 and 0.606 experiments),DS/S0

curves could be fit very well to Eq. [18]. Therefore,
somewhat anomalous appearance of thew 5 0.303 DS/S0

curve may be related to a particularly unfavorable mism
between the15N recoupling and1H decoupling RF field
under these experimental conditions (31–33).

As an example of the potential impact of higher spinn
frequencies on REDOR experiments, in Fig. 6 we compare
DOR reference (S0) curves for the Ca resonance in [1,2-13C,
15N]glycine recorded atvr/2p 5 7.576–16.667 kHz, where t
oherent evolution under the C9–Ca J coupling was removed

described previously (21). It is clear that for the CH2 group in
lycine the combination of fast MAS and two-pulse phase-m
lated (TPPM)1H decoupling (34) significantly attenuates th

dephasing of the13C spin-echo; the echo intensity at 20 ms
evolution increases from approximately 0.25 to 0.6 as the spi
frequency is increased from 7.576 to 16.667 kHz. In principle
DS/S0 analysis should account for the rapid dephasing o

FIG. 6. Experimental REDORS0 curves for the Ca resonance in [1,2-13C,
15N]glycine, recorded at 750.0 MHz1H frequency. TheS0 curves were re-
orded by replacing the nonselective13C refocusingp pulse with a rotor

synchronized frequency-selective Gaussianp pulse, to remove coherent ev
lution under C9–Ca J coupling (21). The Gaussian pulses were;200–300ms
(the exact pulse length was adjusted to occupy an even number o
periods) and 125 kHz CW1H decoupling was applied for the duration of
Gaussian pulse. During the indirect dimension and signal acquisition, 12
TPPM 1H decoupling (phase differencef 5 10–18°,t 5 3.6–3.7ms) was
used at spinning frequencies of 7.576 (F), 10.0 (E), 11.905 (Œ), 13.889 (‚),
15.152 (■), and 16.667 kHz (h). TPPM decoupling was optimized for ea
spinning frequency by minimizing the Ca linewidth in the direct dimensio
For comparison we also show theS0 curve at 15.152 kHz MAS and 125 kH
CW 1H decoupling (�).
f

so

h

g
E-

d-

f
ng
e
e

spin-echo. However, points on theDS/S0 curve will be define
with a higher signal-to-noise ratio when the echo-decay is a
uated, and this is of particular importance for REDOR
acquired for long evolution times (i.e., 20–30 ms). In system
which no complications are introduced by rapid spinning, the
not appear to be any fundamental disadvantages to perfo
REDOR experiments atvr/2p ; 10–30 kHz. The spin-ech
intensity can be significantly higher under these conditions, w
the recoupling performance is not appreciably affected (cf. F
and 5).

The 13C spin-echo intensity observed in the rapid spinn
regime depends strongly on decoupling conditions, due t
1H reservoir becoming partially inhomogeneous (35). Specifi-
cally, at v r / 2p $ ;10 kHz CW 1H decoupling deteriorate
while high-power TPPM decoupling effectively restores
echo intensity. In analogy to the line broadening observe
spectra of well-isolated spin pairs (36–39), the signal los
associated with CW decoupling can be described by the
nitude of the second-order cross-term between the1H chemica
shielding and13C–1H dipolar coupling tensors relative to t
1H–1H spin diffusion rate constant (38, 39). A particularly
unfavorable situation for CW-decoupled spin systems can
from the combination of high static magnetic fields, where
1H CSA magnitude increases, and very high MAS frequen
for which the proton spin diffusion rate decreases and
tightly coupled spin system approaches an ensemble of iso
spin pairs (39). Under TPPM1H decoupling (t2f/ 2t1f/ 2) n, the
magnitude of the second-order cross-term can be scaled
significantly by a proper choice of the phase differencef,
leading to a decrease in the residual dipolar linewidth (38). In
addition, Ernstet al. (39) have recently shown that the perf

ance of high-power TPPM1H decoupling does not deter-
rate at high static magnetic fields for spinning frequencies
30 kHz. Similar indications that the1H reservoir display
partially inhomogeneous behavior in CH2 groups for spinnin
frequencies in thev r / 2p ; 15 kHz regime have been o-
served recently in rotating frame experiments (40).

The use of higher MAS frequencies for REDOR exp
ments on multiply13C labeled systems at high magnetic fie
also offers some advantages. First, rapid spinning effect
attenuates residual13C–13C dipolar couplings, which also co-
ribute to the dephasing of the spin-echo (20). In addition, high
otation frequencies are required to avoid rotational reson
onditions (41), which can lead to severe line broadening
niformly 13C labeled samples. Finally, for13C spins with larg

CSA (e.g., carbonyl groups), fast spinning will result in
increased signal-to-noise ratio in the direct dimension, a
intensity of rotational sidebands is reduced (35, 42).

CONCLUSIONS

We have investigated the performance of the REDOR
coupling sequence in model13C–15N spin systems under co-

itions where a significant fraction of the rotor period (1

tor
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60%) is occupied by RF pulses. Experimental results
explained using numerical simulations and average Ham
nian calculations. Forxy-4 and related phasing schemes,
finite pulses were shown to have a minor effect on the dip
scaling factor expected for REDOR with ideald-function
pulses. Under most experimental conditions of practical i
est, the dipolar scaling factor is reduced by only 1–5%
relatively high spinning frequencies and weak RF fields
effect may be slightly larger (;5–10%). The changes in t

ipolar scaling factor can be quantitatively described usin
nalytical expressions presented here, allowing for the acc
etermination of the dipolar coupling. Therefore, we conc

hat there appear to be no fundamental disadvantages to
EDOR recoupling at spinning frequencies in thev r / 2p ;

10–30 kHzregime. However, we would also like to note t
since the primary aim of this work was to investigate the e
of finite RF pulses on the heteronuclear dipolar coupling
model compounds selected represent favorable spin sys
with relatively weak15N–1H dipolar couplings and negligib
15N chemical-shielding anisotropy. In general, these inte-
tions will be nonnegligible and can potentially influence R
DOR dipolar dephasing curves. Investigations of these ef
are currently in progress in our laboratory.

EXPERIMENTAL

Experiments were performed on custom-designed spec
eters operating at1H Larmor frequencies of 500.1 and 75
MHz. Custom-designed quadruple- (500.1 MHz) and tri
resonance (750.0 MHz) transmission line MAS probes w
used, equipped with Chemagnetics spinner modules (4 an
mm for the 500.1 and 750.0 MHz probes, respectively). S
ples were centerpacked in rotors and the spinning freque
in the rangev r / 2p ; 5–17 kHz(see text for details) we
controlled to 65 Hz using spin rate controllers from Do
Scientific and Bruker. This spinning frequency stability w
adequate for performing all experiments described, and a
synchronization of RF pulses within the rotor cycle was
required.

The REDOR pulse sequence employed in the experime
shown in Fig. 1. Ramped cross-polarization (43) was used t
create the initial13C transverse magnetization. In the exp-
ments carried out on the 500.1 MHz spectrometer, the13C
refocusing pulse was 10ms, and15N pulses were 10–20ms and
phased according to thexy-16 scheme (12). We have invest

ated the performance ofxy-4, xy-8, andxy-16 on [1-13C,
15N]glycine (data not shown) and observed identical dip
dephasing curves for all phasing schemes. CW1H decoupling
(v rf / 2p 5 83–100 kHz) was applied during the REDO
period, and 83 kHz TPPM1H decoupling (34) (phase differ-
encef 5 12°, t 5 5.3 ms) was used during the acquisition
he FID. The experiments on the 750.0 MHz spectromete
ig. 6) were carried out with 125 kHz CW or TPPM1H

decoupling during the indirect dimension and 125 kHz TP
re
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ar

r-
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e
ate
e
ing

t
t
e
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ts
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f.

H decoupling (phase differencef 5 10°–18°,t 5 3.6–3.7
ms) during signal acquisition. In all experiments the rec
delay was 3.0 s and 16 transients were acquired per time
The experiments were repeated at least three times (with
reproducibility) and were subsequently averaged.
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