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High-resolutionH spectra of powdered organic molecules
represent a potentially rich source of structural and dynamic )
information in a wide range of materials, from inorganic catalysts Figure 1. (a) Pulse sequence féH—'H—'H phase sensitive three-
to proteins, and their obtention has always been a challenge fordimensional correlation solid-state CRAMPS NMR spectroscopy. (b)
the solid-state NMR communifylUnder magic angle spinning Sequence fotH—1H—-13C 3D cqrrelatlon spectroscopy. Various decou-
(MAS) conditions, 'H resolution is dominated by residual Pling schemes can be applied. We used the FShemonuclear
(unaveraged)H—H dipolar couplings. One approach to improv- decoupling scheme and the 'I_'PF’MeteronucIear _decoupllng scheme.
ing resolution is isotopic dilution (using deuteratidrut this The pulse sequences are available on our websitajpon reques.
method cannot be routinely applied. Recently, significant progress
has been made with the introduction of multiple quantum
approaches under MA%', and with the improvement in homo-
nuclear dipolar decoupling sequences used under Combine
Rotation And Multiple Pulse (CRAMPS) conditions. Notably, two
recently introduced windowless homonuclear decoupling sciémes
appear, using indirect detection and relatively rapid MAS rates,
to give sufficient resolution to routinely distinguish between
proton resonances having chemical shift differences as small a
0.5 ppm in rigid solids.

With this increase in resolution, one can envisage adapting to
protons some of the multidimensional techniques used widely in
liquid-state NMR and for rare nuclei in solid-sate NMR. These
techniques should allow the assignment f spectra and
subsequently allow access to structural and dynamic information
via, notably, chemical shifts, chemical shift anisotropies, or dipolar
couplings. Perhaps the most exciting possibility is that of
measuringH—'H dipolar correlations in solidsthereby providing

thet; period, the magnetization is placed in tkgplane of the
laboratory frame by thé prepulse. A subsequent? pulse stores
OIthe magnetization along the laboratargixis where polarization
exchange takes place during a mixing periagd(synchronized

to be an integral number of rotor periods). During this period no
homonuclear decoupling is present and proton spin diffusion
occurs driven by the residual dipolar couplings under MAS. The
sproton magnetization is then placed perpendicular to the effective
field for a second evolution perioth. Finally, the signal is
acquired duringz under standard MAS conditions. Quadrature
detection is achieved ih andt, using either the States or TPPI
methods by varying the phase of thé& pulse following each
evolution period. (All the pulse sequences are available on our
website?)

This sequence allows one to obtain a high-resolution 2D
proton—proton correlation spectrum using high-performance
windowless homonuclear decoupling schemes. It is analogous to
structural constraints similar to those used to determine structure?, Wo-dimensional version proposed in the literature with

windowed decouplinty which was used previously to measure

in liquid-state NMR. In this communication we present two three- intermolecular proton spin diffusion between different polymer
dimensional correlation sequences which can be applied to organic P P POl

solids, and which demonstrate how high-resolutidr*H dipolar dc;]main?], occu:rir_]g over Ionfgf;_ mixing ltimes(;j_(s_ever_alhrgs), and
o where the resolution was sufficient only to distinguish between

correlations can be measured. In both cases prgtooton and ; S Y o
proton—carbon correlations are obtained by dipolar driven spin '?r:(e)%%yvglrg?orr?Trt]etypr?)'se(c:)tfiopnr%tr?tg t(ﬁgﬁ:ag)xriga;?fvcgtilﬁ)ﬁi Illjre
diffusion. The methods are demonstrated on a dipeptide sample.zf lab pd ) le of Zd M vl gu

In the following we use the denomination “CRAMPS” to ora natural abundance sample of powderémalyl-L-aspartic
signify indirectly detected CRAMPS spectra obtained using acid, has sufficient resolution to measure intramolecular correla-
relatively fast MAS. The first method correlates two high- tions between the different protons in the molecule (with=

resolution CRAMPS'H spectra with the standartH MAS 320us). The intensity of the protenproton correlations is related

spectrum, and the pulse sequence is given in Figure 1a. Theto the internuclear separatioifhe spectrum contains 6 resolvable

sequence is a phase-sensitive 3D analogue of the 2D CRAMPS-prOton resonances, which have been assigned previglusly.

MAS correlation sequence recently introduced by Vinogradov et _. We note that the third dimension in this e_xpenment, which is
al5 During t, andt, homonuclear proton decoupling is applied simply the standard proton MAS spectrum, is largely redundant.

and the magnetization rotates around the effective field of the LTIUS':gﬁTﬁ Lenilstﬁethtﬁrlgé?crjmgr?snic?r?glt(ra]gtu?rfeﬂc])??ﬁesgicgﬁ;naenn(: o
sequence with a scaled Zeeman interaction. The #if8tpulse yp P '

S . ST we propose théH—H—13C correlation sequence presented in
places the magnetization perpendicular to the effective field. After Figure 1b. The first part of the sequence, contairtinandty, is
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Figure 2. F1—F, projection of the 3D homonuclear proton correlation 2 JPouw g " s ; nip =
spectrum for a powder sample ofAlanyl-L-aspartic acid. The one- £ v . 21 . #atE
dimensional spectrum shown above the 2D map corresponds to the & ME - ) Ll
indirectly detected CRAMPSH spectrum. There is a zero frequency . IS 03
artifact arising from imperfect calibration of tifeprepulse, indicated by B0 T e Rl I 1By
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a star. The spectra were obtained on a Bruker DSX 500 MHz
13C Chemical Shift / ppm

spectrometer, usgna 4 mmtriple resonance CPMAS probe. The sample
was restricted to the centrél of the rotor. The total spectral width in F Figure 3. Three-dimensiondH—H—13C spectrum of Ala-Asp. FF,

and R, after correction for the experimental scaling factor 0.5, was slices are extracted along thes Bimension at the isotropic carbon
~30 kHz, withv," = 100 kHz andv, = 12.5 kHz. Eight scans were resonances. Sixteen scans were acquired for each of 80 by 80 points in
acquired for 128 by 128 points i andty, using a repetition time of 1 t; andty, using a repetition time of 2 s. The 3D data were acquired in
S. ~57 h. All other experimental conditions were the same as for Figure 2.

. . . Of course, 3D experiments have previously been proposed in
step t(apsfers proton coherence to the neighboring Cafbons’ Withsligs. In particular, high-resolution 3D proteproton chemical
an efficiency th_at c_iepen_d_s on the geometry pf the SPIn System, ot correlation spectroscopy has been performed in oriented
the cross-polarization mixing time, and the spin dynamics of CP, 1,0 jja (single crystal¥) or in elastomer$ and the experiments
as has been gxtensvely discussed in the I|teré€lBabsequently, we present here are the first of this type suitable for powdered
the carbpn S|gr}al IS observed_ under heteronuclear decoupling. Arigid organic samples. Note also that many variants of this
ﬁ]pulfsfe Its afpﬁl'fdr tﬁ C{’l‘rb?n lnlthre centlﬁ%pﬁndtz to remove experiment are imaginable. For example, the heteronuclear
?I'r?isee(;( ?srin?eﬁtcc):olrjrce;?essfhaea;vvgohuiph-rezbluﬁld ‘CRAMPS polarization transfer step can use either dip§ldas in our
p . . 9 L example) or scalar couplingsand the heteronucleus can be any
spectra with the high-resolutidfC spectrum, thereby exploiting NMR accessible rare nucleus, notabiii or 3P

the large chemical shift dispersion € in the third dimension. . . .
Figure 3 presents theFF slices of theH—H—1%C experiment In cc_mclusmn_, we have presented two_ three-dlmensmr!al
taken at different isotropic carbon chemical shifts for the dipeptide. correlation experiments that make use of the high proton resolution

For a given slice, “diagonal” peaks correspond to magnetization OPtained using indirectly detected CRAMPS. They yield detailed
that had the same frequency duriagndt,, and which has been information reg_ardlng the assignment and the structu_re__of
transferred to the carbon whose chemical shift defines the slice. Powdered organic molecules, notably about proton connectivities.
Off-diagonal peaks correspond to magnetization that has beenPreviously, structure determination in solids has relied mostly on
exchanged betweetH sites between; andt, and transferred ~ C—C and C-N distances. The §pectrfl we present here clearly
during the cross polarization step to the carbon. If the hetero- indicate the viability of measuring4—*H distance constraints
nuclear transfer was fully selective, i.e., occurring only between in solids, introducing experiments directly analogous to the
chemically bonded CH pairs, strips alongghould be observed.  ubiquitous NOESY experiment in liquids. In general, information
This is not the case in the spectra presented here (with ag50 ~@bout the environment of hydrogen nuclei can only be obtained
CP step), and thus the spectrum contains information about nearbyn the solid state using neutron diffraction methods. The sequences
1H—1H and'H—13C connectivities. For example, in the case of We propose here can be used as building blocks in the develop-
the dipeptide this 3D experiment allows us to resolve the proton Ment of more sophisticated multinuclear and multidimensional
proton correlations for the two CH protons, which are not resolved Solid-state NMR experiments.

in the 1D'H CRAMPS spectrum. We see from the slice_s in Figure  37005846H

3 that one of these protons correlates very strongly with both the
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to that of the Asp residue. Similarly, we observe a strong Reson1999 140 131.

correlation between a CO carbon resonance and the OH and CH 156 37 ga1 > 1+ Demee, D £ Hafner, S Spiess, H.MGl. Phys.

protons, allowing the assignment of this carbon a®C (16) Van Rossum, B. J.; Forster, H.; De Groot, H. J.MMagn. Reson.
1997, 124, 516.
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