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Abstract: We show how high-resolution NMR spectra can be obtained for solids for which the spectra are
normally broadened due to structural disorder. The method relies on correlations in the chemical shifts
between pairs of coupled spins. It is found experimentally that there are strong correlations in the chemical
shifts between neighboring spins in both phosphorus-31 and carbon-13 spectra. These correlations can
be exploited not only to provide resolution in two-dimensional spectra, but also to yield “chains” of correlated
chemical shifts, constituting a valuable new source of structural information for disordered materials.

1. Introduction

High-resolution NMR spectroscopy has revolutionized many
areas of chemistry over the last 50 years, and today it has
become the cornerstone analytical technique. The key to this
success has been that “high-resolution” spectra can be obtained
from a range of molecular systems, allowing the identification
of a single narrow resonance line for each chemically different
nucleus.1,2 The most obvious example is in the NMR of isotropic
solutions, where today one can identify all the resonances
belonging to the thousands of different atoms in a protein.3 The
high resolution of solution-state NMR spectra is a direct result
of the rapid molecular tumbling in solution and the homogeneity
of the sample, which lead to each chemically different nucleus
having a different resonance frequency but which is perfectly
identical for that nucleus in all the molecules in the sample.
The same is not true in the NMR of solids, where the
spectrum is often dominated by broadening of the resonances
due to an inhomogeneous local field in the sample. Under these
conditions it is difficult to extract structural parameters from
spectra, though many groups have worked on disordered
systems,2 and it is clear that NMR is a potentially very powerful
probe. The local field variations can be caused by the anisotropy
of the NMR interactions, by chemical disorder, or by differences
in magnetic susceptibility over the sample.1,4,5 Over the years
some very ingenious techniques, such as MAS,6 CRAMPS,7,8
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DAS,9,10 DOR,11 MQMAS,12 and STMAS,13,14 have been
introduced to selectively remove the anisotropic broadening to
yield high-resolution spectra of ordered, homogeneous solids.1,2
The two remaining types of broadening, that due to chemical
disorder and that due to differences in magnetic susceptibility
in different parts of the sample, pose more of a problem. The
first is particularly important in glasses, catalysts, or polymers,
and the latter will be important in any heterogeneous sample.
Both mechanisms are similar in that variations in susceptibility
lead to a change in the Larmor frequency from one part of the
sample to another, and structural disorder leads to a change in
the isotropic chemical shift from one molecule to another. The
effect of this type of broadening (often referred to as “inhomogeneous” broadening5,15) is shown schematically in Figure
1. In the following we show how high-resolution spectra can
be obtained free of this broadening, and we illustrate the idea
with experimental examples.
Figure 1a shows a 31P MAS NMR spectrum of N,N-bis(diphenylphosphino)-N-((S)-R-methylbenzyl)amine (1), where
there are in fact eight chemically distinct phosphorus atoms in
the crystal structure arising from four inequivalent molecules
per unit cell.16 However, each resonance is inhomogeneously
broadened as illustrated in Figure 1b, probably due to a slight
(4) Mehring, M. High Resolution NMR in Solids; Springer-Verlag: New York,
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appropriate for liquid crystalline samples with the “total spin
coherence”.18,19 Along the same lines, the degree of correlation
between the distribution of rf’s in an inhomogeneous rf field
and the distribution of Larmor frequencies due to a distribution
of B0 fields can be exploited to yield a spectrum of narrow
lines.31 For solids we are aware of only one study, by Spaniol
et al.,32 where ZQ spectra were used to remove susceptibility
broadening from sideband spectra of paramagnetic compounds.
Here we demonstrate how ZQ-like spectra can be recorded
under MAS for inhomogeneously broadened solids. More
importantly, in the examples we give here, where the broadening
is shown to be due to chemical disorder, the chemical shifts
are found to be highly correlated between sites, and the result
is high-resolution spectra free of the effect of structural disorder.
2. Experimental Section

Figure 1. A typical CPMAS NMR spectrum is shown in (a), in this case
a 31P spectrum of 1. Each peak is broadened by a distribution of chemical
shifts, as illustrated schematically in (b).

structural disorder. The result is that the eight different chemical
sites are not resolved, so this spectrum cannot be used to
characterize the sample. In principle one would like to be able
to obtain a “spectrum of sites” free of the inhomogeneous
broadening, and where there would be only one narrow peak
per site, with a line width determined only by the so-called
“homogeneous” broadening.
The reason the obtention of such a spectrum looks so daunting
is that broadening due to disorder or to susceptibility differences
is simply due to a change in the isotropic resonance frequency.
For example, a slight change in the orientation of the aromatic
groups in 1 from one molecule in the crystal to another will
slightly change the isotropic chemical shift of the phosphorus
nuclei. The Hamiltonians for two such phosphorus nuclei are
functionally identical. The two phosphorus nuclei are now just
slightly inequivalent, and it is not obvious how to remove the
chemical shift differences due to disorder without removing the
chemical shift differences that distinguish different sites from
each other.
Susceptibility broadening, or broadening due to an inhomogeneous applied magnetic field (but not broadening due to
disorder), is also present in certain liquid samples, and clever
techniques adapted to liquids or liquid crystals have been
developed to remove this broadening.17-30 All these techniques
in fact exploit the fact that the shifts produced by susceptibility
broadening at one nucleus are perfectly correlated in a one to
one fashion with the shifts produced at another nearby nucleus.
Thus, while the indiVidual chemical shifts change, the chemical
shift differences remain the same. This is most clearly observed
in zero-quantum (ZQ) correlation spectra which are free from
inhomogeneous broadening,18 and most of the existing methods
involve recording inter26-29 or intra21-25 molecular ZQ spectra.
More generally, certain homonuclear30 or heteronuclear17 singlequantum correlations have also been shown to correlate inhomogeneous broadening, as well as multiple-quantum correlations
(16) Robert, F.; Gimbert, Y.; Averbuch-Pouchot, M. T.; Greene, A. E. Z.
Kristallogr.sNew Cryst. Struct. 2000, 215, 233-236.
(17) Maudsley, A. A.; Wokaun, A.; Ernst, R. R. Chem. Phys. Lett. 1978, 55,
9-14.

All experimental results in this paper were obtained on a Bruker
Avance spectrometer, operating at 1H, 13C, and 31P resonance frequencies of 500.1, 125.8, and 202.5 MHz, respectively, using a 4 mm
CPMAS probe with an MAS frequency of 12.0 kHz. For all experiments, 1H decoupling was achieved using the TPPM method,33 with a
1
H decoupling field amplitude of approximately 100 kHz. For twodimensional experiments quadrature detection in F1 was obtained by
the States method.34 The pulse programs and phase cycles used to record
the spectra are available from our website or upon request from the
authors.35

3. High-Resolution DQ Correlation Spectra

First we remark that the ZQ spectrum is by no means the
only way to obtain a spectrum free from inhomogeneous
broadening. Narrow spectra can in principle be observed in any
spectrum where the broadening is correlated between sites
through the generation of a coherence transfer echo.17 Indeed,
any nQ f mQ correlation will yield a coherence transfer echo
which refocuses the broadening for each site at a certain welldefined time. Thus, if the broadening is correlated in the right
way, as discussed below, there will always be a projection of
such a spectrum that will yield a high-resolution spectrum.
Different choices of m and n will simply yield projections with
peaks at different frequencies. We note that in particular a 2Q
f 1Q correlation spectrum yields a spectrum that under certain
(18) Weitekamp, D. P.; Garbow, J. R.; Murdoch, J. B.; Pines, A. J. Am. Chem.
Soc. 1981, 103, 3578-3579.
(19) Garbow, J. R.; Weitekamp, D. P.; Pines, A. J. Chem. Phys. 1983, 79, 53015310.
(20) Gochin, M.; Weitekamp, D. P.; Pines, A. J. Magn. Reson. 1985, 63, 431.
(21) Ruessink, B. H.; Dekanter, F. J. J.; Maclean, C. J. Magn. Reson. 1985, 62,
226-234.
(22) Hall, L. D.; Norwood, T. J. J. Chem. Soc., Chem. Commun. 1986, 15081510.
(23) Hall, L. D.; Norwood, T. J. J. Magn. Reson. 1986, 69, 397-402.
(24) Hall, L. D.; Norwood, T. J. J. Magn. Reson. 1986, 67, 382-385.
(25) Hall, L. D.; Norwood, T. J. J. Am. Chem. Soc. 1987, 109, 7579-7581.
(26) Vathyam, S.; Lee, S.; Warren, W. S. Science 1996, 272, 92-96.
(27) Warren, W. S.; Ahn, S. D.; Mescher, M.; Garwood, M.; Ugurbil, K.; Richter,
W.; Rizi, R. R.; Hopkins, J.; Leigh, J. S. Science 1998, 281, 247-251.
(28) Lin, Y. Y.; Ahn, S.; Murali, N.; Brey, W.; Bowers, C. R.; Warren, W. S.
Phys. ReV. Lett. 2000, 85, 3732-3735.
(29) Richter, W.; Richter, M.; Warren, W. S.; Merkle, H.; Andersen, P.; Adriany,
G.; Ugurbil, K. Magn. Reson. Imaging 2000, 18, 489-494.
(30) Balbach, J. J.; Conradi, M. S.; Cistola, D. P.; Tang, C. G.; Garbow, J. R.;
Hutton, W. C. Chem. Phys. Lett. 1997, 277, 367-374.
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2001, 293, 82-85.
(32) Spaniol, T. P.; Kubo, A.; Terao, T. J. Chem. Phys. 1997, 106, 53935405.
(33) Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin, R. G.
J. Chem. Phys. 1995, 103, 6951.
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conditions has a high-resolution projection along the 2:1 axis,
and this projection is identical to the ZQ spectrum. This has
previously been recognized in a completely different context
for medical imaging applications.29 Recording the projection
of this spectrum, which we dub the pseudo-ZQ (p-ZQ) spectrum,
has several technical advantages over that of the equivalent ZQ
sequence, most notably that it eliminates the presence of a large
axial peak in the center of the spectrum inherent to ordinary
ZQ spectra.38
We have recently shown that 2Q f 1Q spectra can be easily
recorded in solids under MAS using refocused INADEQUATE.39-41 The solid-state refocused INADEQUATE sequence39 generates correlations between scalar coupled nuclei
(as does its liquid-state and solid-state precursor cousins42-45).
As a result the spectrum contains only directly bonded correlations. In this case this provides a significant advantage over
dipolar-based methods of obtaining 2Q or ZQ spectra since the
dipolar methods often yield additional long-range correlations41
which would result in more peaks in the projection spectrum.
The refocused INADEQUATE spectrum of 1 is shown in Figure
2a. In this spectrum we see for each correlation between a pair
of phosphorus atoms that, while the spectrum is broad in both
dimensions, the distribution of chemical shifts, caused by
structural disorder, is highly correlated. In this spectrum, the
F1 dimension contains the double-quantum frequency, and the
F2 dimension the single-quantum frequency for a pair of
J-coupled spins. We also see that each pair of spins can be
distinguished by the chemical shift difference ∆σ, which is
(Virtually) a constant. The p-ZQ projection (obtained by shearing
the spectrum by arctan(1/2) ) 26.6° and projection onto the F2
axis) is shown in Figure 2b, and compared to the normal onedimensional spectrum in Figure 2d. (We note that we have also
recorded the 2D ZQ f 1Q correlation spectrum (not shown)
and that (apart from an axial peak at F1 ) 0) the F1 projection
of that spectrum is essentially identical to the projection of
Figure 2b.)
We see that the p-ZQ spectrum of Figure 2b has eight clearly
resolved peaks at ( the difference in chemical shifts for the
four pairwise correlations between the eight distinguishable sites
in the structure (arising from four inequivalent molecules per
unit cell). In the p-ZQ spectrum each line is around 0.25 ppm
(50 Hz) full width at half-height, whereas in the normal 1D
spectrum of Figure 2d, each line is around 0.95 ppm (190 Hz)
broad, corresponding to an improvement of a factor of ∼4 in
line width for the p-ZQ spectrum. In the p-ZQ spectrum the
spectral broadening due to chemical shift distributions or to
susceptibility effects has been largely removed, but the remain(36) Ernst, R. R.; Bodenhausen, G.; Wokaun, A. Principles of Nuclear Magnetic
Resonance in One and Two Dimensions; Clarendon Press: Oxford, 1987.
(37) Grandinetti, P. J., Department of Chemistry, Ohio State University,
Columbus, OH 43210-1179, 2002.
(38) Norwood, T. J. J. Magn. Reson., Ser. A 1993, 105, 193-203.
(39) Lesage, A.; Bardet, M.; Emsley, L. J. Am. Chem. Soc. 1999, 121, 1098710993.
(40) Brown, S. P.; Perez-Torralba, M.; Sanz, D.; Claramunt, R. M.; Emsley, L.
J. Am. Chem. Soc. 2002, 124, 1152-1153.
(41) Fayon, F.; Le Saout, G.; Emsley, L.; Massiot, D. Chem. Commun. 2002,
1702-1703.
(42) Bax, A.; Freeman, R.; Frenkiel, T. A. J. Am. Chem. Soc. 1981, 103, 21022104.
(43) Benn, R.; Grondey, H.; Brevard, C.; Pagelot, A. J. Chem. Soc., Chem.
Commun. 1988, 102-103.
(44) Fyfe, C. A.; Gies, H.; Feng, Y. J. Chem. Soc., Chem. Commun. 1989, 12401242.
(45) Lesage, A.; Auger, C.; Caldarelli, S.; Emsley, L. J. Am. Chem. Soc. 1997,
119, 7867-7868.
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Figure 2. (a) Contour plot of a two-dimensional refocused INADEQUATE
spectrum of 1. The spectrum was recorded with 856 increments in t1 for a
spectral width of 12.0 kHz (rotor-synchronized acquisition) in both F1 and
F2 with 32 transients per increment. The recycle time was 6 s between
scans, and the τ period in the INADEQUATE sequence was 4.0 ms. (b)
Projection of (a) onto the single-quantum axis after the spectrum was sheared
along F1. The shearing transformation was achieved using methods widely
established in the literature36 using the versatile data processing program
RMN.37 The resulting high-resolution spectrum yields narrow peaks at the
chemical shift differences between J-coupled spin pairs. In (c) we show a
spectrum constructed by adding traces taken through the 2D spectrum
parallel to F2 at double-quantum frequencies of 98.5, 107.8, 114.6, and
116.0 ppm. (d) reproduces the normal 1D spectrum on the same scale for
comparison.

ing parameter ∆σ still allows a spectrum of different frequencies
to be recorded, in this case immediately showing that there are
eight sites and thereby allowing the proper characterization of
the sample.
4. Criteria for Obtaining High Resolution

It is particularly important to note that the p-ZQ spectrum
will be completely free of broadening only to the extent that
the distribution of resonance frequencies is not only (i) perfectly
correlated but also (ii) correlated with a 1:2 ratio for the singleand double-quantum frequencies. Both conditions are guaranteed
for a distribution of Larmor frequencies due to susceptibility
broadening or B0 field inhomogeneity, but neither condition is
guaranteed for broadening due to disorder. Indeed the extremely
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high degree of correlation we observe in the figure is surprising
and had not been predicted. Specifically, the two-dimensional
line shapes we observe imply that the structural disorder is such
that when one of the phosphorus atoms in a P-N-P group
changes its chemical shift due to a local change in structure,
the other phosphorus atom in the group reacts to the structural
change and changes its chemical shift in a perfectly well
determined way. If, on the other hand, the changes experienced
at both nuclei were independent of each other, then we would
not observe narrow correlation peaks. The structural mechanisms
leading to this correlation effect (and even more so to those
observed for cellulose below) are not immediately obvious.
A closer inspection of the correlation peak shown in the inset
in Figure 2 in fact shows that while the shifts are extremely
well correlated, there is a clear deviation from the 1:2 behavior,
most clearly seen from the “bend” in the middle of the
resonance. (Indeed, it is this feature, in conjunction with a
comparison with line widths recorded in carbon-13 spectra,
which allows us to conclude that a significant part of the
broadening is due to disorder rather than due entirely to
susceptibility effects). As a result, we notice that an individual
slice through the spectrum parallel to F2 will yield narrower
lines than the p-ZQ projection of this spectrum after shearing.
In fact, the “ideal” spectrum discussed in the Introduction can
be obtained by taking slices through the spectrum parallel to
F2 and adding them to reconstruct a spectrum which has narrow
lines centered at the center of gravity of each of the broad
overlapping resonances in the 1D spectrum. The spectrum of
Figure 2c clearly resolves all eight resonances, and the line
widths are now around 0.17 ppm (35 Hz) (over a factor of 5
increase in resolution). This method of reconstructing a spectrum
from traces through the correlation spectrum, although limited
in its applicability in the current implementation, will always
yield line narrowing to the extent that condition i above is met.
There is no need for the second condition or indeed for any
particular functional distribution for the correlation.
5. Correlated Chemical Shift Chains

A more general example of the application of this method is
given in Figure 3, where we show the refocused INADEQUATE
spectrum of a sample of randomly 10% labeled cellulose
extracted from wood.46 In the ordinary 1D spectrum shown in
Figure 3c, the resonances are substantially broadened by
disorder, with the C6 resonance being about 500 Hz broad, and
the C4 resonance spanning more than twice that range. In the
refocused INADEQUATE spectrum of Figure 3a we remark
that the chemical shifts of coupled pairs of carbon nuclei are
strongly correlated, but we note that they are by no means all
correlated in the same way. For example, the C3 and C2
resonances seem to be strongly correlated with an almost
constant positive slope; i.e., when C3 is shifted by ∆Hz, C2 is
also shifted by ∆Hz. In contrast the C6 and C5 resonances have
a different type of correlation where it appears that when C5 is
shifted by ∆Hz, C6 is shifted by -0.2∆Hz. An even richer
correlation structure is observed for the C1,C2 correlation.
Clearly this spectrum can be used to determine chains of
connected high-resolution carbon-13 chemical shifts by following the INADEQUATE connectivity patterns through the
(46) Bardet, M.; Gagnaire, D.; Nardin, R.; Robert, D.; Vincendon, M. Holzforschung 1986, 40, 17-24.
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Figure 3. (a) Contour plot of a carbon-13 two-dimensional refocused
INADEQUATE spectrum of 10% carbon-13 labeled cellulose extracted from
a wood sample. The sample preparation has been described elsewhere.46 A
total of 456 increments in t1 were used for a spectral width of 15 kHz, and
160 transients per increment, with a recycle delay of 1 s. Two chains of
connected chemical shifts are illustrated in (a), and the stick spectra
corresponding to these chemical shifts are shown in (b), with the chemical
shifts given in parentheses. These spectra represent the chemical shifts for
two different structural conformations of the cellulose unit. (c) shows the
normal 1D spectrum on the same scale for comparison.

entire carbon skeleton, and an example of two such chains is
shown in blue and red in Figure 3a,b. Notably Figure 3b shows
the schematic spectra for the two chains through the cellulose
unit, and we remark that there are substantial nontrivial changes
in the chemical shift patterns. These two patterns in fact
correspond to the chemical shifts for two different cellulose units
in the structure that are clearly seen to be in two significantly
different structural environments. We will not treat the particular
implications of these data for the structure of cellulose here,
but we do remark that the structure of cellulose microfibrils in
plant cell walls is not well understood at the molecular level
and is still the subject of controversy. This controversy is largely
due to the difficulty in obtaining the type of detailed experimental data relevant to structure that we obtain easily from the
spectrum of Figure 3 presented here. As demonstrated by this
example, the potential of the method lies in the fact that even
though both dimensions yield broad spectra, the 2D spectrum
yields high-resolution chemical shift correlations for each site,
even though in this case the 1:2 correlation is not at all relevant
(in this case the p-ZQ projection would yield a broad spectrum).
The resolution available in Figure 3 is around 70 Hz, correJ. AM. CHEM. SOC.
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sponding to a factor of >7 enhancement in resolution of the
2D correlation spectrum compared to the 1D spectrum.
It is essential to note that relatively fast MAS spinning rates
(>10 kHz) are necessary to obtain spectra of this quality.
Previously published spectra of the cellulose sample39 recorded
with a 6 kHz sample spinning frequency do not display the
correlation structure which is obscured by residual broadening.
A similar effect is observed for compound 1. This raises the
important and interesting question of what the limits of
resolution are in this type of correlation spectrum. In the
phosphorus spectrum we observe line widths of around 90 Hz,
whereas spin-echo measurements suggest the homogeneous line
width should be around 10 Hz or less, and both these values
vary with the spinning speed. Notably, if the broadening were
perfectly correlated, one would expect to recover the homogeneous line width from these experiments.47 This issue is underinvestigation.
6. Conclusion

In conclusion, the method we present here may not be a
universal solution to obtain high-resolution spectra in disordered
materials, but it does clearly demonstrate that it is possible, and
that under appropriate conditions strong correlations can be
observed between the changes in chemical shifts induced by
disorder for adjacent nuclei in solids. It is worth noting that if
the broadening is due to susceptibility effects, then the chemical
shifts will always be perfectly correlated (applications to
HRMAS spectra would certainly be interesting in this sense).
(47) Brown, S. P.; Wimperis, S. Chem. Phys. Lett. 1995, 237, 509-515.
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It is less clear to what extent broadening due to disorder in the
structure will always be correlated between coupling partners,
but there are indications in the literature that lead us to believe
that the effect may be widespread.41,48 Perhaps more important
than the application to resolution enhancement, the entire
structure of these two-dimensional correlated chemical shift
distributions could be a rich new source of chemical information
in disordered systems, as indicated by the cellulose example. It
can easily be appreciated that the reproduction of the shift chains
in Figure 3b using quantum chemical calculations and structural
models is a considerable challenge, and that these data (and
more generally the whole 2D spectrum) provide very strong
experimental constraints for such models. We are currently
further investigating these phenomena in other systems, for other
nuclei (for example, silicon, oxygen, and aluminum, all of which
are particularly relevant in materials such as catalysts or
polymers), and for other types of correlation apart from the
homonuclear double-quantum single-quantum correlation exploited here.
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