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A 3D separated-local-field (SLF) experiment based on the 2D to a spinning sample in a MAS experiment (6) where the
PHORMAT technique is described. In the 3D experiment, the spectral overlap caused by the chemical-shift anisotropy in-
conventional 2D SLF powder pattern for each chemically inequiv- teraction (CSA) is eliminated at a sample spinning rate
alent carbon is separated according to their different isotropic larger than the width of the CSA. However, the high resolu-
chemical shifts. The dipolar coupling constant of a C–H pair, tion achieved by MAS comes at the expense of information
hence the bond distance, and the relative orientation of the chemi-

on the shift tensor.cal-shift tensor to the C–H vector can all be determined for the
Ideally, one would like a 3D experiment in which the SLFprotonated carbons with a single measurement. As the sample

pattern for each carbon is isolated by its isotropic shift. Suchturns at only about 30 Hz in a MAT experiment, the SLF patterns
a 3D SLF experiment is possible by employing the MATobtained approach those of a stationary sample, and an accuracy
experiment (7–9) . It has been demonstrated in an initialin the measurement similar to that obtained on a stationary sample

is expected. The technique is demonstrated on 2,6-dimethoxynaph- report (10) that the SLF powder pattern for complex molecu-
thalene, where the 13C– 1H separated-local-field powder patterns lar structures may be obtained with a 3D PHORMAT experi-
for the six chemically inequivalent carbons are clearly identified ment to which a dipolar evolution dimension is introduced
and measured. The observed dipolar coupling for the methoxy in the third dimension. Originally, homonuclear dipolar de-
carbon is effectively reduced by the fast rotation of the group about coupling during the dipolar evolution period was not used,
its C3 symmetry axis. The average angle between the C–H bond though better results can be obtained with homonuclear dipo-
direction and the C3 rotation axis in the OCH3 group is found to

lar decoupling during the dipolar evolution period. Such abe about 667. q 1997 Academic Press
3D SLF pulse sequence based on the PHORMAT experiment
with Lee–Goldburg homonuclear decoupling is reported in
this paper. A typical application is demonstrated with 2,6-

INTRODUCTION dimethoxynaphthalene, where the C–H-resolved SLF pow-
der pattern for each individual carbon is obtained. The

It has been known for more than a decade (1–4) that the method reported in this paper may be considered as an alter-
relative orientation of a chemical-shift tensor with respect native to the 3D 15N– 1H SLF experiment recently reported
to the direction of a C–H vector, as well as the C–H bond by Opella’s group (11) , where a combination of PISEMA
distance, can be obtained from a 2D separated-local-field (12) and the original Gan version of MAT (7) was used.
(SLF) experiment on a stationary powder sample. Unfortu-
nately, when there are several chemically distinct nuclei in

EXPERIMENTALthe sample, overlap of several broad SLF patterns often pre-
vents the separation necessary for their individual identifica-

The experiments were performed on a CMX-400 NMRtion and measurement. The SLF experiment was thus limited
spectrometer with 13C and 1H Larmor frequencies of 100.623to rather simple systems with only one chemically inequiva-
and 400.124 MHz, respectively. A MAS probe with a 7.5lent carbon (2, 4) or to single crystals where high-resolution
mm rotor and a spinning speed regulator system from Chem-spectra are obtained (1, 3) . In the latter case, the dipolar
agnetics were used for the experiment. A rotor synchroniza-coupling at a specific molecular orientation may be obtained.
tion system described previously was also used to preciselyThe 2D SLF experiment has been incorporated into a 2D
trigger the pulses at 1

3 of the rotor cycle as required by theexchange experiment to produce a 3D experiment in which
dipolar coupling information is used to simplify spectral PHORMAT experiment (9) . The sample, 2,6-dimethoxy-

naphthalene, was purchased from Aldrich and was used asassignments; however, its application is again limited to sin-
gle crystals (5) . The SLF experiment has also been applied received.
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1213D SEPARATED-LOCAL-FIELD EXPERIMENT

FIG. 1. The pulse sequence for the 3D MAT separated-local-field (SLF) experiment. 1H homonuclear decoupling is applied during the tc period.

The pulse sequence for the 3D SLF experiment is shown and receiver recovery. The PHORMAT experiment works
satisfactorily for any value of D since an ideal chemical-in Fig. 1. The main body of the ‘‘/’’ and ‘‘0’’ sequences

are the basic PHORMAT pulse sequences when tc Å 0, and shift echo is formed for a rotating sample regardless of the
value of D. However, greater S /N is always obtained in thethe phase cycling for each pulse as well as the way to process

PHORMAT data are given in Ref. (9) . The period tc indi- second method because the T2 effect is minimized.
The flip-flop Lee–Goldburg (FFLG) (13) sequence iscated in the pulse sequences is the corresponding dipolar

evolution time variable. During the tc period, homonuclear used for homonuclear dipolar decoupling. Our experimental
results show that tc can be either incremented by a full FFLGdipolar decoupling is applied. Flip back of the proton magne-

tization at the end of the data acquisition is used, which is cycle or alternatively incremented by half of the FFLG cycle.
Both alternatives have essentially the same efficiency in nar-found to give better S /N for systems with relatively long 1H

T1 values. A short recycle delay time may be used if the T1r rowing the linewidth in the dipolar evolution dimension for
a given decoupling power. If a half FFLG cycle is used, theof the system is long. The reasoning behind the flip-back

pulses is explained as follows: During the CP and decoupling spectral width for the dipolar dimension is twice that ob-
tained by incrementing the full FFLG cycle. This half cycleperiod before tc , the proton magnetization is locked along

the Y axis of the rotating frame; during tc , the magnetization approach is especially useful for carbon-13 systems with
strong C–H coupling when the available decoupling fieldis locked along the effective field direction, e.g., the magic-

angle axis if a Lee–Goldburg decoupling is applied. At the strength is limited, e.g., less than about 60 kHz. On our
CMX-400 NMR system, a proton decoupling field of 67.6end of the tc , a second proton high power decoupling is

applied along the Y axis. The magnetization is relocked along kHz is readily achieved. The resulting cycle time for a full
FFLG cycle is 24 ms. In our experiment, tc is incrementedthe Y axis; hence, a flip-back pulse will store the remaining

magnetization back to the main field direction. by half of the cycle time (i.e., 12 ms) with the alternative
increment of the/LG and0LG half cycles. The correspond-The experiment can be performed in one of two ways:

First, the echo time D is chosen to be a constant with a ing decoupler offsets are /47,778 Hz for the /LG and
047,778 Hz for the 0LG pulses, respectively. The experi-value equal to D0 plus the maximum value of tc , i.e., Dconst

ÅD0 / tc1 0 tc . When tc increases, tc1 decreases correspond- mentally determined scaling factor for the FFLG sequence
is found to be essentially the theoretical value of 0.577,ingly. In the second method, D increases with tc through the

relation, D Å tc / D0 . D0 (about 30 ms) is the time required yielding an effective spectral width of 144 kHz for the dipo-
lar dimension of the 3D SLF experiment.to suppress the dead time associated with probe ring-down
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FIG. 2. The projection of the 3D MAT SLF of 2,6-dimethoxynaphthalene to the Fa–Fb spectral plane. Only a central portion of the 2D spectrum is
shown. The contour interval is 5%, and the lowest plotted contour is 2% of the maximum peak height. The chemical shifts are referenced to TMS via
HMB as a secondary reference with a chemical-shift value of 17.3 ppm for the methyl carbon. Gaussian line broadening of 3.2 and 1.8 ppm was applied
in the acquisition (Fa ) , and the isotropic chemical-shift (Fb) dimensions, respectively.

The 3D MAT SLF data were acquired by obtaining sets spectra with a 80 kHz spectral width. The 2D data were
collected at 32 different values of the isotropic shift evolu-of 2D PHORMAT data by incrementing tc through the rela-

tionship D Å D0 / tc . The increment of tc is 12 ms and tion variable tb incremented by periods of 80 ms. This re-
sults in a maximum evolution time of 2.56 ms and an iso-the /LG and 0LG pulses were incremented alternatively.

Thirty-two tc values ranging from 0.1, to 372.1 ms were tropic-dimension spectral width of 12.5 kHz. The eight
types of free-induction decays (9 ) were acquired with theacquired. A total measurement time of about 8 days was

required. The data were obtained at a rotor frequency of 30 (/ ) and (0 ) PHORMAT pulse sequences using a total of
640 scans at each different tb value. A measurement timeHz and varied by only 0.17 Hz during the eight-day data

acquisition period. of 5.7 h was required for acquiring a 2D PHORMAT data
at each specific tc value.The 2D PHORMAT data at each specific value of tc were

acquired using the following experimental parameters. The
cross-polarization contact time was 4 ms, D0 Å 25 ms, the RESULTS AND DISCUSSION
cross polarization and the decoupling fields were 67.6 kHz,
and the recycle delay time was 1 s. Acquisition dimension The experimental results for 2,6-dimethoxynaphthalene

(2,6-DMN) are summarized in Figs. 2–4. The projection of( ta ) FIDs with 256 complex points were transformed to
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H Å ∑
j

AjSzIz j , j Å 1, 2, 3

Aj Å Dj[1 0 3 cos2(uj)]

Dj Å gIgS /r 3
j , [1]

where Dj Å gIgS /r 3 is the dipolar coupling constant in fre-
quency units for a rigid system, and uj is the angle between
the main field direction and the C–Hj vector direction for the
j th bonded proton. Assuming that the motion is a continuous
rotation about the C3 symmetric axis, the angle between the
C3 axis and the main field direction is u *j , the angle between
the C–Hj and the C3 axis is b, and the angular rotation speed
is v with vt Å f. The following relationship is obtained:

cos(uj) Å cos(b)cos(u *j ) 0 sin(b)sin(u *j )cos(f) .

[2]

Then, in the expression for Aj in Eq. [1]

1 0 3 cos2(uj) Å 1 0 3 cos2(b)cos2(u *j )

0 3 sin2(b)sin2(u *j )cos2(f)FIG. 3. The powder patterns for each chemically inequivalent carbon
in 2,6-dimethoxynaphthalene obtained by taking a slice through the 2D / 3

2 sin(2b)sin(2u *j )cos(f) . [3]spectrum shown in Fig. 2. Slices were taken at the center of the correspond-
ing isotropic chemical-shift position.

The average value of cos2(f) and cos(f) over a complete
rotation is 1

2 and 0, respectively, so that

the 3D SLF spectrum onto the Fa–Fb spectral plane is shown
»1 0 3 cos2(uj) …rotin Fig. 2. This is essentially the PHORMAT spectrum ob-

tained for a dipolar evolution time variable of tc Å 0 ms. Å (3
2 sin2(b) 0 1)(3 cos2(u *j ) 0 1). [4]

The powder patterns were obtained for each carbon by sim-
ply taking a spectral slice at the corresponding isotropic Thus, if the frequency of rotation v /2p is larger than the
chemical-shift position: those for tc Å 0 are shown in Fig. frequency width of the rigid–lattice resonance, then the ef-
3. The 2D SLF powder pattern for each carbon shown in fective dipolar coupling constant is scaled by a factor of
Fig. 4 are then obtained by Fourier transforming the sliced [3

2 sin2(b) 0 1]. Using the experimentally determined dipo-
spectra with respect to the time variable tc . lar coupling constant of 5.7 kHz for the OCH3 group, we

It is clear that the 2D 13C– 1H SLF powder patterns for obtain
each carbon in 2,6-DMN are successfully isolated with this
method. The dipolar coupling peaks with a ratio of roughly 3

2 sin2(b) 0 1) Å (5.7 kHz/D) ,
1:3:3:1 in OCH3 are clearly presented in the 2D SLF pattern
of OCH3 in Fig. 4. A dipolar coupling constant of about 5.7 where D Å gIgS /r 3 is the dipolar coupling constant for a
kHz is found by visual inspection. It is known that the C– rigid system. If a C–H bond distance of 1.095 Å is used,
H bond distance of the methyl group is around 1.095 Å, one obtains a value of 65.97 for the angle b, and the O–C–
yielding a 22.85 kHz dipolar coupling constant. The reduc- H angle is 114.17, which is very close to the expected angle
tion in dipolar coupling is apparently caused by the fast of 109–1127 found in the literature.
rotation of the methyl group around its C3 symmetric axis. Compare the 2D SLF powder pattern with those of solid
The angular information about the C–H vector with respect benzene reported by Linder et al. (4) . The 2D SLF powder
to the C3 rotation axis of the OCH3 group can be readily pattern for the OCH3 carbon in 2,6-DMN is clearly a super-

position of two patterns of similar kinds with a ratio ofderived in the following.
roughly 1

3, a consequence of the rapid motional averaging ofThe secular part of the dipole–dipole interaction Hamilto-
nian for the CH3 system is given by (14) . the methyl group. The d33 component should be oriented
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FIG. 4. The resolved 2D SLF powder patterns are given for each chemically inequivalent carbon in 2,6-dimethoxynaphthalene.

roughly along the direction of the O–C bond direction, and these protonated aromatic carbons, a dipolar coupling con-
stant of roughly 22.7 kHz can be found by visual inspection,the d11 and d22 components are perpendicular to the O–C

bond direction. resulting in a C–H bond distance of 1.098 Å, a typical value
expected in aromatic systems.The 2D SLF pattern for C1,5 displays the characteristic 2D

SLF powder pattern of a CH carbon when the d33 component The 2D SLF patterns of the nonprotonated bridgehead
carbon C4a,8a and the methoxy substituted aromatic carbonis perpendicular to the aromatic ring, and the d11 component

is along the C–H bond direction and lies in the aromatic C2,6 show no dominant dipolar couplings among the CSA
powder patterns, indicating that the effect of the dipolarplane [see the theoretical patterns in Ref. (4)] . Similar pat-

terns are also found for C3,7 and C4,8 even though the isotropic coupling from the remote protons to different orientations
of the crystallite is roughly the same.chemical shift of C4,8 is superimposed on that of C4a,8a . For
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FIG. 4—Continued

In general, the 2D resolved SLF powder pattern for a C– in complex molecular structures using the 3D MAT SLF
experiment suggested in this paper. The dipolar couplingH pair can be a complex shape, depending on the relative

orientation of the CSA tensor with respect to the C–H bond constant of the C–H pair, the bond distance, and the relative
orientation of the chemical-shift tensor for the protonatedvector (4) . In order to accurately extract the bond distance

and the orientation information, a theoretical simulation, carbons to the C–H vector can all be determined with a
single measurement. The observed dipolar coupling in awhich includes the effect of slow sample rotation (15) , is

necessary. We are in the process of constructing a simulation methyl group is effectively reduced by the fast rotation of
the group about its C3 symmetric axis. The average anglepackage for this type of experiment.

It should be pointed out that the method presented in this between the C–H bond direction and the C3 rotation axis in
a OCH3 system is found to be about 65.97. Because thepaper differs from the 3D separated-local-field experiment

reported by Opella’s group (11) in the following four as- sample turns very slowly in a MAT experiment, i.e., 30
Hz, the SLF patterns obtained on a slowly rotating samplepects: (a) The PHORMAT sequence eliminates the dead-

time effect associated by probe ring-down and receiver re- approaches that of a stationary sample, yielding an accuracy
in the measurement similar to that obtained on a stationarycovery and produces a perfectly phased spectrum with no

shear operation as required by the original Gan sequence. sample.
(b) The dipolar evolution dimension is introduced in the
echo segment with no need of matching for the 13C channel. ACKNOWLEDGMENT
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