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A carbon-13 magic angle spinning double-quantum filtered di-
polar shift correlation NMR experiment which can be used to
establish through-space connectivities in solids is analyzed. The
main advantage of the double-quantum filtered approach is the
removal of intensity arising from natural abundance background
signals. The variation in intensity of the cross and diagonal peaks
observed in the two-dimensional spectrum as a function of mixing
time is investigated experimentally for model systems. The ob-
served behavior is compared with analytical expressions derived
for three coupled spins, as well as with simulations based on
average Hamiltonian theory. © 2000 Academic Press

INTRODUCTION

The double-quantum filtered correlation spectrosc
(DQF-COSY) technique (1) is perhaps the most useful of t
many two-dimensional solution-state nuclear magnetic
nance (NMR) experiments (2) proposed to date. The expe
ment results in cross peaks in the frequency plane at co
nates determined by the chemical shifts of pairs of thro
bond scalar-coupled nuclei. The information about thro
bond connectivities obtained from these correlations
proved useful for the structure elucidation of organic molec
from natural products to proteins, as well as inorganic ma
als. The main advantage over earlier variants of the C
experiment is the spectral simplification achieved by filte
the observed signal through double-quantum coherenc3)
corresponding to a normally forbidden transition. In particu
peaks resulting from nuclei with no coupling partners
completely removed from the two-dimensional spectrum.

In solid-state NMR the straightforward combination
DQF-COSY and related experiments with magic angle s
ning (MAS) has already proved useful for structural studie
zeolites (4). MAS is required in order to remove the spec
broadening due to the anisotropy of nuclear spin interac
such as chemical shifts and dipolar couplings. In favor
cases and with dilute nuclei, such as carbon-13 or silico
the resolution obtained with MAS is sufficiently high to all
the successful operation of the COSY experiment. Rece
progress (5) has been made with related experiments by
incorporation of efficient heteronuclear decoupling sche
(6) and other procedures to reduce the effective carbo
681090-7807/00 $35.00
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linewidth. In solids, through-space dipolar couplings betw
spins are generally several orders of magnitude larger
their scalar counterparts and, in contrast to the solution
are not averaged to zero by rapid isotropic tumbling. He
solid-state shift correlation spectroscopy experiments bas
magnetization transfer between dipolar-coupled spins are
possible.

The combination of correlation spectroscopy and MA
not straightforward in the dipolar case, due to the averagin
the dipolar interaction by the spinning (7). However, the pa
few years have seen the advent of “recoupling” seque
(8, 9) designed to reintroduce MAS-averaged dipolar coup
between spin-1/2 nuclei. This advance has prompted th
velopment of several solid-state shift correlation experim
based on magnetization transfer mediated by a recouple
polar Hamiltonian which operates during the mixing t
(9, 10). These experiments result in cross peaks at coordi
determined by the chemical shifts of pairs of dipolar-cou
nuclei. This paper concerns a carbon-13 dipolar shift cor
tion experiment in which the observed signal is filtered thro
double-quantum coherence after the fashion of DQF-CO
The main advantage of the DQF approach is the remov
intensity on the diagonal arising from natural abundance b
ground signals, from nuclei with no coupling partners, or f
orientations for which dipolar couplings are only weakly re
troduced by the recoupling sequence. A theoretical and e
imental comparison of the carbon-13 DQF dipolar shift co
lation and the straightforward magnetization transfer appr
(10) is presented here. The experimental variation in inte
of the cross and diagonal peaks as a function of mixing tim
investigated for two model systems: the uniformly carbon
labeled amino acids alanine and tyrosine. The observed b
ior is compared with analytical expressions derived for t
coupled spins, as well as with simulations based on ave
Hamiltonian theory. A brief demonstration of a related ph
phorus-31 experiment (11) and a carbon-13 application
which there is a natural abundance background (12) to remove
have been presented in previous publications.

EXPERIMENTAL

The pulse sequences used to record dipolar correlation
tra in this work are shown in Fig. 1, along with the cohere
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69MAS DQ FILTERED DIPOLAR SHIFT CORRELATION SPECTROSCOPY
transfer pathways (13). During the preparation period ca
bon-13 magnetization is generated by cross polarization
neighboring protons. Reproducibility can be improved her
a slight ramp of the carbon-13 field (14). At the end of the
evolution periodt 1 a component of the carbon-13 coherenc
transferred to longitudinal magnetization along thez-axis. Dur-
ing the subsequent mixing period magnetization transfer o
under a recoupled double-quantum dipolar Hamiltonian,
erated in this work using the POST-C7 sequence (15) due to
Hohwy et al. POST-C7 contains seven cyclic pulse segm
(denoted C) timed to occupy two rotor periods in total, w
neighboring C segments differing in their overall phase
2p/7. For the DQF experiment the POST-C7 segments in
first half of the mixing period are phase cycled in orde
select double-quantum coherence, as indicated in the c
ence transfer pathway. Those occurring during the secon
of the mixing period are not cycled but have a constant p
shift of p/2 to give a time-reversed double-quantum dip
Hamiltonian, required for the regeneration of longitud
magnetization. For mixing times corresponding to noninte
numbers of POST-C7 cycles, care must be taken with
relative phases of C segments in the first and second hal
the mixing period. In the straightforward magnetization tra
fer experiments recorded for comparison purposes there
time reversal step and the phase cycle simply selects lon
dinal magnetization and zero-quantum coherence at the e
the mixing period. In both experiments proton decouplin
applied throughout the evolution, mixing, and detection p
ods. Improved resolution can be obtained in the evolution

FIG. 1. Pulse sequences and coherence transfer pathways used to
transfer occurs under a recoupled double-quantum dipolar Hamiltonian

xperiments (a) there is no time reversal step and the phase cycle simpl
eriod. For the double-quantum filtered experiment (b) the POST-C7
ouble-quantum coherence, as indicated in the coherence transfer path
constant phase shift ofp/2 to give a time-reversed double-quantum dip
m
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detection dimensions with the TPPM decoupling scheme16)
due to Bennettet al., although this was not used for t

xperiments shown here.
Correct operation of the recoupling sequence applied d

he mixing period is crucial to maximizing the sensitivity a
erformance of both straightforward magnetization tran
nd DQF dipolar correlation spectra, especially for multi
ystems. The main requirements are that the recouplin
uence is insensitive to resonance offset and chemical
nisotropy, robust with respect to errors such as radiofrequ
eld inhomogeneity, and efficient in terms of the fraction of
agnetization which survives the double-quantum filter. W
agnetization transfer can be achieved with sequences

ecouple a zero-quantum dipolar Hamiltonian, this approa
nappropriate for the DQF experiments described here. H
or this work we have chosen the POST-C7 sequence15)
hich generates double-quantum coherence efficiently
owder because of the simple way in which the recou
ipolar interaction depends on the orientation of the mole
ith respect to the MAS rotor. This property of the par
evenfold sequence (17) has been used recently to excite v
igh orders of proton multiple-quantum coherence at fast M
ates (18). A further advantage of POST-C7 is the fact that
evenfold phase shift combined with the properties of
ndividual C segments removes errors due to resonance
nd offset/inhomogeneity cross terms to high order (15). The
obust character of POST-C7 makes the broadband recou
equired for dipolar correlations in multispin systems feas
sing commercially available instrumentation. More rece

ord dipolar correlation spectra in this work. During the mixing period m
nerated using the POST-C7 sequence. In the straightforward magnetizn transfe
lects longitudinal magnetization and zero-quantum coherence at the enthe mixing
gments in the first half of the mixing period are phase cycled in ord
. Those occurring during the second half of the mixing period are not cybut have

r Hamiltonian.
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70 HEINDRICHS, GEEN, AND TITMAN
two new recoupling sequences have been proposed whic
also particularly suitable for dipolar correlation experimen
multispin systems (10, 19).

The zeroth-order effective dipolar Hamiltonian for
POST-C7 recoupling sequence for a pair of spin-1/2 nucle
been shown (15) to be

H# C7
(0) 5

1

2
vC7I 1

1I 2
1 1

1

2
v*C7I 1

2I 2
2, [1]

with

vC7 5
2343~i 1 eip/14!

520p Î2
x sin 2b exp~2ig!, [2]

whereb and g are two of the Euler angles which relate
molecular frame to the rotor frame andx is the dipolar cou

ling constant which depends on internuclear distancer ,

x 5 2 S m0

4pD g 2\

r 3 . [3]

In the limit of fast MAS where the spinning rate and
radiofrequency field strength are greater than the rang
resonance offsets and the chemical shift anisotropy, this e
tive double-quantum dipolar Hamiltonian is valid for the m
tispin systems characteristic of the uniformly labeled sam
studied here. The origin of the high efficiency of doub
quantum generation with POST-C7 is theg dependence of th
phase as opposed to the amplitude of the recoupled Ha
nian.

Experiments were recorded with a Varian Chemagn
Infinity spectrometer operating at a carbon-13 Larmor
quency of 75.46 MHz using the sequence shown in Fig. 1
a standard 3.2-mm Varian Chemagnetics double-reson
MAS probe. The MAS rate of 13 kHz was stabilized to wit
0.1%. Up to 10 cycles of the POST-C7 sequence were
during the mixing time with the carbon-13 radiofrequency fi
set to 91 kHz. Fine adjustments to the radiofrequency
strength were made by maximizing the efficiency of dou
quantum filtration in a one-dimensional experiment. No
tempt was made to optimize experimental performance by
example, restricting the sample to the center portion o
rotor to minimize radiofrequency field inhomogeneity. Pro
decoupling during the C7 sequence used a radiofrequency
strength of 150 kHz (limited by hardware considerations),
this level was maintained during the evolution and detec
periods. The relaxation delay was 1 or 5 s for alanine an
tyrosine, respectively, and the contact time for cross pola
tion was 1 ms. For the evolution dimension, 64 increm
were recorded with a maximumt time of 4.92 ms, while th
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acquisition time in the detection dimensiont 2 was 78.78 ms
The dwell time in both dimensions was set equal to the
period at 76.92ms. The hypercomplex method of Stateset al.
20) was used to obtain pure absorption lineshapes in
wo-dimensional spectrum. Uniformly labeled U-13C amino
acids were purchased from Isotec Inc. and used without fu
treatment.

THEORY AND SIMULATIONS

In both magnetization transfer and DQF dipolar correla
experiments the informative cross peaks arise from the e
tion of the spin system under the recoupled double-qua
dipolar Hamiltonian operating during the mixing period.
simplicity in the following analysis an ideal multispin re
double-quantum Hamiltonian of the form

H DQ 5 O
j,k

v jk

2
~I j

1I k
1 1 I j

2I k
2! [4]

is assumed, wherev jk is a function of both the magnitude a
the orientation of the dipolar interaction recoupled betw
spinsj andk. In practice both the form ofv jk and the validity
of Eq. [4] as an approximation to the effective Hamiltonian
determined by the nature of the recoupling sequence
However, it should be noted that theg-dependent phase of t
POST-C7 Hamiltonian which appears in Eq. [1] has no e
on the peak intensities. For a dipolar-coupled spin pair
v12 5 vD the sum magnetization evolves underHDQ as

~I 1z 1 I 2z!O¡
H DQt

~I 1z 1 I 2z!cos~vDt!

1 i ~I 1
1I 2

1 2 I 1
2I 2

2!sin~vDt!, [5]

hile the difference magnetization is invariant (21). The effec
f the oscillatory behavior of the sum is a net redistributio
agnetization among the coupling partners, leading to di

orrelation cross peaks in the two-dimensional spect
quation [5] highlights the fact that magnetization transfe
ccompanied by the simultaneous creation of double-qua
oherence, and it is this aspect of the evolution which is ce
o the double-quantum filtered experiment described here
he magnetization transfer experimentHDQ operates in an un-
interrupted fashion for the whole mixing time of lengtht,
while for the DQF experiment phase cycling during the
half of the mixing period removes all but the second term
Eq. [5] at timet/2. This is reconverted to observable mag
tization by the time-reversed double-quantum dipolar Ha
tonian which operates for the second half.

For uniformly labeled samples the simple two-spin treatm
does not suffice to describe all the spectral features. In m
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71MAS DQ FILTERED DIPOLAR SHIFT CORRELATION SPECTROSCOPY
spin systems there is no simple invariant “difference” ma
tization and a general analogue of Eq. [5] is cumbers
Hohwy et al. have defined “magnetization transfer functio
19) for the peak intensities in the straightforward magne
ion transfer experiment,

Sjk
MT~t! 5 Tr@exp~2iH DQt!I jzexp~iH DQt!I kz#, [6]

whereSjk
MT(t) is the intensity of the peak at coordinates (v 1,

v 2) 5 (v j , v k). The analogous function for the DQF exp-
iment is

Sjk
DQ~t! 5 Tr@exp~iH DQt / 2!P̂DQ

3 $exp~2iH DQt / 2!I jzexp~iH DQt / 2!%

3 exp~2iH DQt / 2!I kz#, [7]

here t is the total mixing time andP̂DQ is a projection
superoperator which retains coherence associated with a
double-quantum transitions att/2 as required by the pha
cycle. For systems of up to three spinsP̂DQ takes the form

P̂DQ 5 O
j,k

~uI j
1I k

1&^I j
1I k

1u 1 uI j
2I k

2&^I j
2I k

2u!. [8]

or systems of more than three spins, double-quantum
nvolving four or more spins must also be taken into acco
or a three-spin system Eq. [7] leads to

FIG. 2. Simulations of the expectation value of the sum magnetizatio^F
ines) DQF experiments using the POST-C7 average Hamiltonian of Eq
riangular and (b) linear topologies described above, except that the int

x23 5 2080.0 Hz, withx13 5 2142.0 Hz in (a) andx13 5 267.7 Hz in (b). All o
xperiment att 5 0.
-
e.
”
-

the

ms
t.

S11
DQ~t! 5

1

2 H1 2
1

V 2 Fv 23
2 1 ~v 12

2 1 v 13
2 !cosS ÎVt

2 DG 2J
S12

DQ~t! 5
1

V 2 Fv 12
4 2 v 23

2 v 13
2 1 v 12

2 ~v 23
2 1 v 13

2 !

1 ~v 12
2 1 v 23

2 !~v 12
2 1 v 13

2 !cosS ÎVt

2 DG
3 sin2S ÎVt

4 D
S13

DQ~t! 5
1

V 2 Fv 13
4 2 v 23

2 v 12
2 1 v 13

2 ~v 23
2 1 v 12

2 !

1 ~v 13
2 1 v 23

2 !~v 13
2 1 v 12

2 !cosS ÎVt

2 DG
3 sin2S ÎVt

4 D , [9]

whereV2 5 v12
2 1 v23

2 1 v13
2 . As described above,v jk is an

orientation-dependent dipolar interaction and this mus
taken into account when using this expression to model
dered samples. In conjunction with the corresponding ex
sion for straightforward magnetization transfer (19), Eq. [9]
allows the mixing time variation of the peak intensities in
two experiments to be compared. Quantitatively, this com
ison reveals a relationship between observed intensities f

s a function of mixing timet for (full lines) magnetization transfer and (dot
]. These are calculated for powder ensembles of spin systems with thea)
uclear distances used are not exactly equal, but correspond tox12 5 2206.5 Hz an
e curves have been normalized so that^Fz& 5 1 for the magnetization transf
nz& a
. [1
ern
f th
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72 HEINDRICHS, GEEN, AND TITMAN
magnetization transfer and the DQF experiments which
general three-spin system takes the form

Sjk
DQ~t! 5

1

2
$1 2 Sjk

MT~t!% j 5 k

Sjk
DQ~t! 5 2

1

2
Sjk

MT~t! j Þ k. [10]

Numerical simulations suggest that Eq. [10] is also valid
larger spin systems at short mixing times. The most signifi
difference is the twofold loss in cross-peak intensity obse
for the DQF experiment which must be offset against
advantages of the filter. A further difference is that the c
peaks obtained with the DQF variant are always of opp

FIG. 3. Simulations of (top) diagonal and (bottom) cross-peak inten
The spin system mimics that of the three carbon-13 sites in U-13C alanine, e

nd (c) 180°. For each topology the plots show the three diagonal peak
(CO–a, solid;a–b, dashed; CO–b, dotted). The latter are averages of pairs
he analytical expression of Eq. [9] withx13 5 463.5 Hz. All of the curves
a

r
nt
d
e
s
te

sign to their counterparts in the magnetization transfer e
iment. Most importantly, however, Eq. [10] demonstrates
neglecting any spectral simplification due to the double-q
tum filter, the information content of the two experiment
identical. All significant features such as maximum cross-
intensities occur at identical mixing times for the two exp
ments. The magnetization transfer functions for both ex
ments are dominated by the strongest couplings. For an
lateral triangle (v12 5 v23 5 v13 5 vD) cross-peak function
S12

DQ(t) and S13
DQ(t) have the same sign and show ident

mixing time behavior, whereas for a linear chain (v12 5 v23 5
vD and v13 5 0) the latter is of opposite sign and becom
significant only at longer mixing times. Both the sign invers
and the slow growth of these peaks in linear topologies
characteristic of two-stage “relay” transfer between rem

s(t) for the magnetization transfer experiment as a function of mixing timt.
pt that the CO–a–b bond angle is allowed to vary as follows: (a) 60° (b) 11
O, solid lines;a-carbon, dashed lines;b-carbon, dotted lines) and three cross pe
cross peaks related by symmetry aboutv1 5 v2. Points in (b) are calculated usi
e been normalized so thatSjk

MT(t) 5 1 experiment att 5 0.
sitieSjk
MT

xce
s (C
of

hav
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73MAS DQ FILTERED DIPOLAR SHIFT CORRELATION SPECTROSCOPY
spins via a network of direct couplings, a phenomenon w
has been observed previously for the magnetization tra
experiments (10). The two-stage nature of the remote cr
peaks in the DQF experiment is evident from the form
S13

DQ(t) for which only terms inv12
2 v23

2 are nonvanishing for th
linear case. Numerical simulations for larger linear spin
tems demonstrate that multistage transfer processes occ
the resulting cross peaks alternate in sign for each subse
relay step. Hence for the DQF variant the direct cross peak
positive, while two-stage transfer peaks are negative; t
stage relay peaks are expected to be positive once
and so on.

Figure 2 shows the expectation value of the sum mag
zation ^Fz& 5 ^I 1z 1 I 2z 1 I 3z& as a function of mixing tim
for (full lines) magnetization transfer and (dotted lines) D
experiments calculated with the POST-C7 average Ham
nian of Eq. [1]. The simulations were carried out using
GAMMA ( 22) program and are for powder ensembles
hree-spin systems with the (a) triangular and (b) linear to

FIG. 4. As in Fig. 3 but for the DQF experiment. The c
h
fer
s
f

s-
and
ent
re
e-
re

ti-

o-
e
f
l-

gies described above. However, in order to facilitate com
son with results on U-13C alanine (see below) the internucl
distances used are not exactly equal, but correspond tox12 5
2206.5 Hz andx23 5 2080.0 Hz, withx13 5 2142.0 Hz in (a
andx13 5 267.7 Hz in (b). Comparison of (a) and (b) at sh
mixing times shows a reduced oscillation frequency in
linear case as expected from Eq. [10] since the small cou
between remote spins 1 and 3 makes a negligible contrib
to V. This phenomenon is obscured at longer mixing time
the damping which occurs more rapidly for the linear c
where the direct couplings are collinear. The maximum
magnetization for the DQF experiment is a measure o
theoretical recoupling efficiency for POST-C7 and varies f
63 to 50% as a function of topology.

Figures 3 and 4 show average Hamiltonian simulation
Sjk(t) for (Fig. 3) the magnetization transfer experiment
(Fig. 4) the DQF variant. In each figure both diagonal p
(top) and cross-peak (bottom) intensities are shown for d
ent topologies (a), (b), and (c). The spin system mimics th

es have been normalized by the same factors as those in Fig. 3.
urv
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74 HEINDRICHS, GEEN, AND TITMAN
the three carbon-13 sites in U-13C alanine, except that th
CO–a–b bond angle is allowed to vary. The extremes of
60° and (c) 180° compare closely to the simple topolo
described above, while (b) (bond angle5 111° x13 5 463.5
Hz) corresponds to the alanine molecule (23). The points in
Fig. 4b were calculated using Eqs. [6] and [7] withv jk appro-
priate for POST-C7 as defined in Eq. [1]. All of the featu
highlighted by the analytical expressions are confirmed b
simulations. For example, the twofold reduction in inten
and the sign inversion for cross peaks in the DQF experi
(Fig. 4) are clearly demonstrated. Of particular interest is
variation with topology, including the lack of significant d
crimination between the linear chain (c) and the alanine
ecule (b). For both of these cases the direct CO–a and a–b
cross peaks appear at short mixing times, while the relay Cb
peak appears at much longer times. It should be noted th
three-spin systems the relay peak can be the most intense
spectrum at long times. As expected from Eq. [10] an
contrast to a recent claim (10), these peaks are not of lo
ntensity relative to the direct cross peaks in the DQF va
Fig. 4). For bond angles below 90° there are substa
hanges as a function of topology, such that for the triang

FIG. 5. Two-dimensional magnetization transfer (top) and double-q
recorded as a function of mixing time witht set to (a) 308 (b) 615, and (
assignment shown along the diagonal of the magnetization transfer spe
interpretation, the structure of tyrosine is also shown. The contour levels f
interference fromt 1 noise. At long mixing times peaks at close to zero fr
evels in the magnetization transfer spectrum.
)
s

s
e
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nt
e
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–
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the
n
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all cross peaks show identical mixing time behavior, includ
an overall sign inversion at long times. Figure 3 also highli
the effect on peak intensities of an orientation-dependen
polar Hamiltonian in an isotropic powder sample. A part of
magnetization arising from molecules with unfavorable or
tations for recoupling remains on the diagonal for the ma
tization transfer experiment and is removed completely by
filter in the DQF variant. Similar numerical calculations
larger spin systems have been carried out, and the relatio
in Eq. [10] has been confirmed for a range of topolog
Finally we note that the results of the average Hamilto
simulations described here have been confirmed by
piecewise calculations based on numerical integration o
propagator over a single POST-C7 cycle.

RESULTS AND DISCUSSION

Figure 5 shows two-dimensional magnetization tran
(top) and DQF (bottom) dipolar correlation spectra on 9
U-13C tyrosine recorded with mixing times ranging from
308 to (c) 923ms. Negative contours are indicated by do
lines. As expected from Eq. [10], both direct cross peaks

tum filtered (bottom) correlation spectra on uniformly carbon-13 labele
23ms, respectively. Negative contours are indicated by dotted lines. The
m (a) uses the standard labeling for carbon atoms in amino acid sideTo aid
ach spectrum are chosen so as to reveal as many peaks as possible withut significan
ency appear in the DQF spectrum, and similar peaks are present at low
uan
c) 9
ctru
or e
equ
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75MAS DQ FILTERED DIPOLAR SHIFT CORRELATION SPECTROSCOPY
relay peaks occur at identical frequency coordinates at si
mixing times in the two spectra, suggesting that dipolar co
lations between spins can be established with equal ve
using either experiment. At the shortest mixing time all of
expected one bond correlations are present in both spec
can easily be verified from the assignment shown on
diagonal peaks (Fig. 5a, top). In the straightforward mag
zation transfer spectrum the cross peaks have the opposit
to and are significantly less intense than the diagonal. O
other hand, as predicted by Eq. [10] in the DQF spect
cross and diagonal peaks have the same sign and are of s
magnitude to one another. It should be noted that the dia
peaks in the magnetization transfer experiment are mor
tense relative to the cross peaks than expected from th
merical simulations. For the 99% U-13C sample used here th

FIG. 6. A comparison between simulated peak intensities of Fig. 3 (
mixing time with (a) showing diagonal and (b) cross peaks for the straigh
cross-peak intensities are averages of pairs of cross peaks related by sym
described in the text. The calculated data were damped by an exponenti
time.
ar
e-
ity
e
, as
e

ti-
ign
he
,

ilar
al

in-
u-

effect cannot be ascribed to natural abundance backg
signals. The additional contribution arises from deficiencie
the recoupling quality due to experimental imperfections w
are not taken into account in the numerical simulations
with the signal arising from molecules in unfavorable orie
tions for recoupling, this magnetization is completely remo
by the filter in the DQF variant. This contribution to t
diagonal is an additional source oft 1 noise in the magnetizatio
transfer experiment which, to some extent, overcomes
sensitivity advantage relative to the DQF variant. At lon
mixing times two-stage relay transfer peaks appear in
spectra with opposite sign to the one-bond correlations
particular note is theb-carbon which shows two-stage cor
lations to the CO- andd-carbons and, in the double-quant
filtered spectrum, a positive three-stage relay peak to thee-car-

s) and experimental measurements (points) on 99% U-13C alanine as a function
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bon. As demonstrated above, this sign alternation is exp
for the somewhat linear coupling topology encountered in
tyrosine side chain.

Figure 6 shows a comparison between the simulated
intensities of Figs. 3 and 4 (lines) and experimental mea
ments (points) on uniformly carbon-13 labeled alanine
function of mixing time with (a) showing diagonal and
cross peaks for the straightforward (top) and the DQF (bot
experiment, respectively. The experimental recoupling
ciency for POST-C7 was measured by comparing the m
mum total intensity in the DQF spectrum with the total int
sity for the magnetization transfer experiment at the s
mixing time. This procedure results in an efficiency of 3
which should be compared to the 58% calculated theoret
for this topology. This factor was used to scale down
diagonal peak intensities of the magnetization transfer s
trum to account for the contribution which was not recou
due to experimental imperfections. Finally, peaks in all spe
were normalized to the scaled intensity of the correspon
magnetization transfer diagonal peak att 5 0. All of the
calculated data (taken from Figs. 3b and 4b) was damped
exponential function with the same time constant of 5 m
take account of signal losses which arise from incomp
proton decoupling during the POST-C7 sequence and
relaxation (24) during the POST-C7 sequence. The main
tures of the experimental curves, such as maximum cross
intensities and the onset of two-stage transfer, are in tole
agreement with the calculated data. It should be noted t
better match can be achieved by using a different time con
for each group of peaks in the two-dimensional spectrum
that this procedure has been proposed in a recent analy
double-quantum spectra (25).

A final point of interest is the somewhat surprising suc
f both magnetization transfer and DQF experiments a
elatively high MAS rate of 13 kHz used here. The 150-k
eld strength of the proton decoupling applied during
ixing period is less than twice the 91-kHz carbon-13 fi
sed for the POST-C7 sequence. Previous experimental
10) at low MAS rates has suggested that a mismatch in the
eld strengths of a factor of 3 is required during the mix
eriod in order to prevent depolarization of the carbon
pins. However, the data shown in Fig. 6 suggest that
equirement can be relaxed significantly at higher MAS r
nd proton decoupling field strengths.

CONCLUSIONS

The double-quantum filtered shift correlation experimen
been shown to be useful for establishing through-bond con
tivities, providing identical information about dipolar coupl
topologies to the straightforward magnetization experim
Even with U-13C labeled model amino acid systems the d-
onal peak intensities can be reduced by the incorporation
double-quantum filter which removes signal arising from b
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experimental imperfections and molecules in unfavorable
entations for recoupling. For real samples with only pa
isotopic enrichment, the removal of the natural abund
background by the double-quantum filter proves to be in
pensable. The attenuation of the intense diagonal pro
spectral simplification and reducest 1 noise. In principle, ana-
lytical expressions such as Eq. [9] and simulations as sho
Figs. 3 and 4 can be used to determine coupling topologies
therefore, bond lengths and approximate dihedral angles
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