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processes associated with charge transfer when the dominant mode
of mass transport is diffusion. In addition, concentration profiles
for electromigration or turbulent conditions could be obtained,
elucidating a variety of mass transport processes. Different
electrode shapes, including microelectrodes, which have quite
different diffusion profiles, are amenable to the same approach.
Finally, the results demonstrate that absorbance is proportional
to path length, so an electrode with a longer dimension along the
optical axis will have higher sensitivity to the presence of chro-
mophores. Unlike most spectroelectrochemical measurements,
where effective path length is dictated by the diffusion process,
the diffractive approach allows sampling of distances close to the

electrode so long paths can be employed.

Given the theoretical basis of diffractive spectroelectrochemistry,
future efforts will be directed toward establishing the practical
limits on electrode length, time resolution, and sensitivity. In
addition, the inversion process producing a diffusion profile shape
from a diffraction pattern will be examined. The improved speed,
sensitivity, and information content of the diffractive approach
should significantly increase the generality of spectroelectro-
chemical techniques.
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Abstract: Two-dimensional NMR techniques which separate the chemical shift and heteronuclear dipolar interactions are
applied to samples spinning at the magic angle. Because of the inhomogeneous nature of the two interactions, rotational echoes
are observed in the time domain of each dimension. The corresponding Fourier transforms yield rotational sideband spectra
which provide information on the principal values and relative orientations of the shift and dipolar tensors, and, from the latter,
internuclear distances may be calculated. The techniques therefore provide a means for obtaining structural data, for example,

BC-H and "N~'H distances, in powder samples.

I. Introduction

One of the principal aims of high-resolution, solid-state NMR
techniques is the suppression of homo- and heteronuclear dipolar
interactions and the recovery of underlying chemical shifts and
scalar spin couplings. Nevertheless, the development of high-
resolution methods has suggested ways whereby dipolar couplings
may be retained, and since these interactions contain information
on internuclear distances and directions, they are clearly of
considerable chemical significance. A particularly simple example
is the observation of dipolar splittings between magnetically dilute
spin pairs such as *C-1*N or 3C-3C.2> In these cases, the
proton-decoupled 3C spectra show dipolar splittings from adjacent
14N or 13C nuclei. In addition, it has been demonstrated that a
number of other chemically interesting groups constitute mag-
netically dilute systems, two examples being ’C-'H and *N-'H.
In the case of !N, which possesses a quadrupole moment, the lines
are dispersed over 10°~10% Hz, and the *N-"H couplings, which
are of the order of 10-15 kHz, are easily seen in single crystal
spectra as small splittings on well-separated resonances.> How-
ever, the situation where one interaction dominates the other is
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not commonly encountered. More often, for example, in '*C-'H
spectra, the dispersion of shifts is approximately the same size
as the heteronuclear dipolar interaction, and consequently there
is considerable overlap in the spectra, particularly in polycrystalline
samples.

The separation of chemical shift and heteronuclear dipolar
interactions in the NMR spectra of single crystals has recently
been the subject of a number of two-dimensional experiments.”®
These methods, which are applicable to other inhomogeneous
interactions,” generally allow for the evolution of the dipolar
Hamiltonian during an interval prior to a proton-decoupled
sampling period. Chemical shift spectra obtained in this manner
receive information from the dipolar Hamiltonian in the form of
a modulation, and a second Fourier transformation!® separates
the two interactions. This experiment is also applicable to powder
samples!’!2 but when overlap from magnetically inequivalent
nuclei occurs, the spectra are difficult to interpret.

The separation of overlapping chemical shift powder spectra
can be accomplished with magic angle sample spinning
(MASS).!>!4  When the spinning speed greatly exceeds the
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Figure 1. Pulse sequences which can be employed for two-dimensional
rotational spin—echo spectroscopy. Common to all three sequences is the
initiation of data acquisition at the peak of a rotational echo. Sequences
b and ¢ employ 180° refocusing pulses at the S and I frequencies, where
I'='H and § = 13C spins. The maximum evolution period in (b) is half
that in (c). WAHUHA pulse trains during the ¢, period have been
omitted for clarity. In (b) and (c) n must be even for refocusing to occur.

magnitude of the shift anisotropy, the spectrum consists of a single
line at the isotropic resonance frequency of each magnetically
inequivalent nucleus.!* However, when the spinning speed is slow,
the transient signal is composed of a train of rotational echoes
spaced at multiples of the rotational period, and its Fourier
transform yields a centerband flanked by sidebands spaced at the
rotational frequency.'¢'® The success of the MASS experiment
in this slow spinning regime is due to the fact that the chemical
shift is an inhomogeneous interaction, and in fact MASS will
suffice to narrow any interaction whose Hamiltonian satisfies this
criterion.!” For example, both first-order quadrupolar and het-
eronuclear dipolar interactions fall into this category. When two
different inhomogeneous interactions are simultaneously present,
they can be separated with a two-dimensional NMR experiment.1°
Thus, even in spinning powder samples it should be possible to
extract and correlate high-resolution chemical shift and dipolar
spectra. This paper describes three experiments which accomplish
this separation. In particular, we outline methods which separate
shift and heteronuclear dipolar powder spectra into two orthogonal
frequency dimensions. In addition, we discuss in section IV a
special case of these experiments, which is useful for differentiating
between protonated and nonprotonated dilute spin resonances.

II. Rotationally Synchronized Pulse Sequences

Shown in Figure 1 are three pulse sequences which will separate
the shift and dipolar interactions, where we denote by  and S
the abundant ('H) and rare (1>C) spins, respectively. Common
to these sequences is the fact that the initiation of signal acquisition
is always timed to coincide with the formation of a rotational
spin—echo arising from the chemical shift. This is accomplished
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by restricting to a fixed integral number N of rotational periods
the interval between preparation of the rare spins by cross po-
larization and the beginning of the acquisition. This feature is
tantamount to refocusing the anisotropic part of the chemical shift,
and ensures proper phase relationships among the rotational
sidebands in both the chemical shift and dipolar domains. The
evolution period, ¢, is simply defined as the time during which
heteronuclear coupling is present. In pulse sequence la, the
isotropic part of the S spin chemical shift is not refocused. For
experiments which involve a single S spin resonance, such as are
described below, this pulse sequence is perfectly adequate.
However, for the common situation where more than a single line
is present in the spectrum, use of sequence la will lead to sub-
stantial frequency-dependent phase shifts across the spectrum.
These phase shifts arise because data acquisition commences an
integral number of rotational periods after the cross polarization,
a delay which is typically a few milliseconds. These frequency-
dependent phase shifts can be circumvented by using either se-
quence 1b or ¢ where 180° refocusing pulses are inserted into
the experiment at the peak of the nth rotational echo, and data
acquisition is commenced at the peak of the 2nth rotational echo.
In 1b, the shift and dipolar Hamiltonians evolve together during
t;, but the dipolar part is decoupled after the refocusing pulse.
The application of a 180° refocusing pulse to the S spins reverses
the sign of S, and at the beginning of the signal acquisition there
is no accumulated phase due to either the isotropic or anisotropic
shift. Sequence 1¢ differs from 1b in that the heteronuclear dipolar
coupling is allowed to act both before and after the refocusing
pulse. Since the dipolar Hamiltonian is also linear in S, it too
would be refocused if a 180° pulse were applied to the S spins
alone (I,S, — -1,S,) and the dipolar evolution would not be
transmitted to the second spectral dimension. This problem is
easily avoided by the simultaneous application of 180° pulses to
both species causing both terms in the Hamiltonian to reverse sign
and the dipolar evolution to be preserved. Sequence lc has the
advantage that the maximum evolution period is twice that in 1b.

The line widths obtained in the dipolar or F, domain are largely
determined by dipolar coupling among the protons. Hester et al.”
and Stoll et al.!! suggested the use of a multiple-pulse train to
remove homonuclear interactions from the evolution period, and
a simple WAHUHA sequence? serves dramatically to improve
the resolution in this dimension. This is accomplished at the
expense of a scaling of the heteronuclear dipolar interaction by
a factor approximately equal to 37'/2, The spectral width available
in the dipolar dimension is intimately related to the WAHUHA
cycle time. In practice we found it convenient to eliminate re-
focusing pulses (Figure la) in order to achieve a suitably dense
sampling in ¢, while making most efficient use of the time available
for evolution.

III. Chemical Shift - Dipolar Spectra

In the absence of sample rotation, the correlation between
dipolar and chemical shift interactions is straightforward. For
example, every point in an axially symmetric shift powder pattern
corresponds to a known orientation of the unique axis (o)) of the
shift tensor relative to the magnetic field.2»** When a dipolar
interaction is simultaneously present and the o element of the
shift tensor is along the internuclear vector, a two-dimensional
experiment will produce a dipolar doublet for each value of the
chemical shift. In particular, for ¢ = oy, D = D, for e = o,
D = -D;/2, and for ¢ = !/;Tr(3), D = 0, where D refers to the
dipolar splitting. The spectrum consists of two shift anisotropy
powder patterns lying on the diagonals of the 2D plot. When
viewed from the dipolar dimension, a Pake pattern is evident, while
the projection onto the shift axis is the axially symmetric shift
pattern.i?
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Figure 2. MASS spectra as a function of ¢, obtained from Ca(CHO,), using the pulse sequence in Figure la with WAHUHA in the evolution period.
Modulation of the centerbands and sidebands in the chemical shift spectrum is due to the CH dipolar interaction.

In the case of a one-dimensional spinning experiment the clear
association of resonant frequency with shift tensor orientation is
lost when the spectrum is broken up into a collection of narrow
sidebands. The sidebands are positioned at integer multiples of
the rotation frequency as a consequence of the time dependence
imparted to the Hamiltonian by the mechanical motion. The
magnitude and phase of a sideband from a given crystallite are
dependent on the orientation of the principal axis system in the
reference frame of the rotor at the beginning of the pulse sequence.
Different orientations contribute unequally to the various side-
bands, and certain orientations may produce dispersive spectra.
This has been observed for spinning single crystals.!” When the
o element coincides with the rotor axis, the Hamiltonian remains
time independent and the spectrum consists of a single line at the
isotropic shift value, whereas when o) is perpendicular to the rotor
axis all odd numbered sidebands are missing from the spectrum.
For arbitrary orientations tilted with respect to the rotor axis, the
rotation sweeps the spin packet through a range of resonant
frequencies whose average always corresponds to the isotropic
frequency. In a powder, a random set of orientations is present
and the average over all positions leads to the familiar absorp-
tion-mode sideband spectrum.

In a two-dimensional spinning experiment involving two spin
1/, nuclei, the dipolar evolution introduces a modulation® of the
chemical shift spectrum. Since the chemical shift and dipolar
tensors are related by a molecule-fixed transformation, the
magnitude of the peaks in the shift spectrum, corresponding to
a given set of orientations, provides a measure of the contribution
of an associated set of orientations to the dipolar spectrum. For
example, when a sideband generated by a set of crystallites is
purely dispersive or absent, there is nothing to modulate and no
information is transmitted into the second spectral dimension. In
the limit of vanishingly small shift anisotropy, each orientation
contributes equally and suffers no phase shifts. Fourier trans-
formation with respect to ¢, of the dipolar modulated centerband
yields a Pake pattern split into sidebands. Such effects also occur
when the spinning rates greatly exceed the shift anisotropy but
remain comparable to the dipolar coupling. In this limit, the
two-dimensional signals contain information about the magnitude
of the dipolar couplings alone. When the spinner frequency is
of the order of the shift anisotropy, the two-dimensional spectrum
contains information about the relative orientation of the dipolar
and shift principal axis system as well as the magnitude of the
dipolar coupling as will be shown in a more detailed study. Since
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Figure 3. Plots of the centerband and sideband maxima of Figure 2 as
a function of ¢, which show the occurrence of dipolar rotational echoes
every spinner period (475 us). The top to bottom interferograms cor-
respond to the lowest to highest frequency lines in the spectra of Figure
2.
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Figure 4. Cross sections through the two-dimensional chemical shift-
dipolar spectrum corresponding to the centerband and sidebands of the
chemical shift dimension. These phase-sensitive traces are obtained by
Fourier transformation of the interferograms in Figure 3.

the dipolar tensor is traceless, symmetric, and aligned along an
internuclear vector, information about relative orientations allows
us to relate the chemical shift tensor to the molecular frame
without the need for single-crystal studies.

Figure 2 shows preliminary spectra obtained using the pulse
sequence in Figure la from a sample of Ca(CHO,), as a function
of t;. These spectra exhibit a modulation due to the CH dipolar
interactions discussed above. The amplitudes of the peaks of the
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Figure 5. CH dipolar spectra under conditions of magic angle sample
rotation. Top: calculated spectrum resulting from a scaled dipolar
coupling of 23 kHz and a rotation frequency of 2.15 kHz. Bottom:
experimental dipolar projection obtained by summing up all cross-sections
in the F; domain.

centerband and sidebands in Figure 2 are plotted as a function
of ¢, in Figure 3 where it is apparent that a train of rotational
echoes occurs in the dipolar ¢, dimension. The echoes reflect the
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fact that the destructive interference due to the time-dependent
dipolar splitting is removed when all crystallites have undergone
an integral number of sample revolutions. Since rotational echoes
now occur in both the chemical shift and dipolar dimensions, we
refer to this type of experiment as “two-dimensional rotational
spin—echo NMR”.

A second Fourier transformation with respect to ¢, yields a
two-dimensional spectrum correlating the chemical shift anisotropy
with the heteronuclear dipolar splittings. Cross sections corre-
sponding to the sidebands in the chemical shift dimension are
shown in Figure 4, and we now see that sidebands occur in both
dimensions as a result of rotational echoes. Note that the cross
sections shown in Figure 4, which corresponds to an intermediate
spinning regime, show features discussed above for the limits of
fast and slow rotation. For example, the F| slice due to the
centerband in the chemical shift dimension is beginning to assume
the shape of a Pake doublet. At the same time, the sidebands
in the shift dimension reveal dipolar spectra resulting from a
weighted average which favors selected sets of crystallites.

Projection of the sidebands onto the F, shift axis results in the
normal shift anisotropy spinning pattern. This is easily understood
in terms of the theorem of Fourier analysis which equates the
integrated area of a frequency spectrum with the magnitude of
the first point in the time domain. On the other hand, the dipolar
projection onto the F, axis shown at the bottom of Figure 5 is
symmetric and represents a Pake pattern free of shift anisotropy
effects. This is invariably the result even though intensity
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Figure 6. '3C MASS spectra of glycine, NH;*CH,CO,, illustrating the suppression of protonated 13C resonances. Top: Spectra obtained by simply
inserting a delay between cross-polarization and the simultaneous initiation of sampling and application of 'H decoupling. Note the frequency-dependent
phase shifts in the sideband manifold of the -CH,~ resonance and between the ~CO,” and ~CH,- centerbands. Bottom: spectra obtained with the
pulse sequence of Figure lc. These spectra are free of linear phase distortions since both isotropic and anisotropic shifts are refocused by this pulse
sequence. The —~CH,- line on the right disappears after about 50 us. The ratio of the integrated intensities of the lines in the ¢, = 0 spectrum is not
1:1 because the sample contained unequal amounts of carboxyl- and methylene-enriched glycine.
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Figure 7. Glycine spectra from Figure 6 for ¢; = 0 (top) and ¢; = 100
us (middle) and their weighted difference (bottom). The centerband and
sidebands on the left are due to the -CO,— while those on the right arise
from the -CH,~. Note the clean separation of the resonances due to
protonated and nonprotonated 13C’s.

asymmetries are observed for certain shift-dipolar sidebands as
a result of the averaging process in a rotating sample. Shown in
the top half of Figure 5 is a calculated dipolar spectrum which
was obtained by assuming an effective CH coupling of 23.0 kHz
and a rotation rate of 2.15 kHz. Additional simulations indicate
that variations in bond distances of 0.01 A should be detectable,
particularly if least-squares methods are used to fit the relative
intensities of the sidebands.>* The present result, however, is
uncertain by 3% and yields an internuclear separation of 1.15 A
if the WAHUHA scaling factor is taken to be 1/+/3.25 The
apparently long bond length is consistent with the results of Stoll
et al.'! who concluded that molecular motion at room temperature
narrows the dipolar spectrum of B-calcium formate. Equivalent
dipolar information would be difficult to extract using one-di-
mensional NMR techniques since it is not possible to remove the
chemical shift anisotropy while retaining the dipolar coupling. The
technique described here is applicable to systems with an arbitrary
number of inequivalent *C sites, provided the isotropic shifts do
not overlap.

IV. Selection of Protonated and Nonprotonated Resonances

An interesting special case of this experiment occurs when
protonated and nonprotonated carbons are present simultaneously
in the sample. In this situation the dipolar coupling causes a rapid
decay of the protonated '*C magnetization for increasing ¢,
whereas for nonprotonated species this process is much slower.
This is apparent in the rotational echo trains shown in Figure 3
where for 50 < ¢; < 500 us the dipolar modulation has severely
attenuated the signal. Fourier transformation of the decay of a
properly selected ¢, value will yield the spectrum of the non-
protonated '3C’s in a manner similar to the one recently dem-
onstrated by Opella and Frey.2® This is illustrated in Figure 6
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with spectra of glycine (NH;*—CH,—CO,") obtained as a function
of ¢, using differing methods which emphasize the benefits of
refocusing pulses. In particular, the spectra in the top half of this
figure were recorded with sequence la without rotational syn-
chronization of data acquisition and without homonuclear de-
coupling. While this experiment does indeed suppress the pro-
tonated '*C line, it also induces large linear phase distortions in
the CO,™ sideband manifold and between the ~-CO,™ and -CH,-
centerbands as well. Incorporation of the refocusing features
discussed above eliminates the phase shifts, as is shown in the
bottom half of Figure 6. These spectra were taken with sequence
1¢, again without application of a multiple-pulse sequence to the
protons in order to hasten the decay of the magnetization arising
from protonated carbon atoms. Here the spectra show proper
absorption-mode phases for all centerbands and sidebands since
both isotropic and anisotropic shifts are refocused with this se-
quence. Consequently, it is easy to obtain difference spectra which
retain only the protonated resonances. An example is shown in
Figure 7 where the ¢ = 0 spectrum (top) shows the centerbands
and sidebands from both *C resonance; the ¢ = 100 us spectrum
(middle) shows only the -CO,™ resonance. Thus, in situations
where rotational sidebands are present and the sampling rate is
comparable to or greater than the ¢, period in the experiment,
the pulse sequence of Figure 1¢ would appear to be the preferred
approach to differentiating between resonances of protonated and
nonprotonated .S spins.

V. Summary

The experiments outlined here provide a means to obtain
high-resolution dipolar spectra from powder samples in the absence
of chemical shift anisotropy. In principle, these spectra permit
a determination of the relative orientations of the chemical shift
and dipolar interactions as well as the principal values of these
two tensors. The dipolar tensor yields information on /=S distances
and consequently it would appear that this technique provides a
general method for determining these structural parameters in
powders. A simple application of the experiment allows the
differentiation of protonated and nonprotonated carbon resonances.
Finally, although we have demonstrated the technique for ’C-'H
spin pairs, it should be applicable to a variety of other cases so
long as the Hamiltonians of the nuclear species involved are
inhomogeneous.

VI, Experimental Section

The experiments were performed on a home-built pulse spec-
trometer operating at 294 MHz for 'H and 74 MHz for 3C. The
spinning probe employed Kel-F Andrew-Beam-type rotors with
spinning rates in the neighborhood of 2-3 kHz.?” Proton and
carbon rotating rf fields were approximately 10 and 40 G, re-
spectively. Ca(CHO,), samples were enriched to 30% and light
doping with Mn?* was used to shorten the proton 7). The
preparation involved evaporation of an aqueous solution at elevated
temperatures, a condition which favors the formation of the 8
phase of this compound.?® Glycine spectra were obtained from
a mixture of 1 and 2 position labeled species enriched to ap-
proximately 30%.
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