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A new through-bond carbon—-proton correlation technique, the
MAS-J-HSQC experiment, is described for solid-state NMR. This
new pulse scheme is compared experimentally with the previously
proposed MAS-J-HMQC experiment in terms of proton resolution
on a model sample of powdered r-alanine. We show that for
natural abundance compounds, the MAS-J-HMQC and MAS-J-
HSQC experiments give about the same proton resolution,
whereas, for *C-labeled materials, narrower proton linewidths are
obtained with the MAS-J-HSQC experiment. In addition we show

improved by applying CRAMPS techniqueks (L2 or by using
very fast magic angle spinnind.1, 13.

Another way of transferring magnetization between carbor
and protons is to use the heteronuclear scalar couplings, a
commonly the case in liquid-state NMR. ThHe, couplings
constitute an interesting alternative to dipolar couplings, esp
cially in terms of selectivity since, while the dipolar couplings
act through-space, the heteronuclear scalar interactions prov

that in scalar as well as in dipolar heteronuclear shift correlation
experiments, when the proton chemical shift is encoded by the
evolution of a single-quantum coherence, the proton resolution can
be enhanced by simply adding a 180° carbon pulse in the middle
of the t, evolution time. © 2001 Academic Press
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unambiguous through-bond correlations. We recently demo
strated the feasibility of such a transfer in solid-state NMR ar
proposed a new heteronuclear correlation experiment dubk
MAS-J-HMQC (14). The sequence uses through-bond scal
couplings to generate heteronucleaultiple quantum coher-

enceswhich provide isotropic chemical shift correlation be-

tion methods; scalar couplings; homonuclear decoupling. tween pairs of directly bondedH, *C) or (*H, ®N) nuclei and

was shown to be suitable for the complete characterization
the spectra of medium-size natural abundance organic co
Two-dimensional carbon—proton isotropic chemical ShiBounds 15). In this Communication, we present a new schem
correlation spectroscopyt)is an important tool for the char- for optaining through-bond correlations in solids, called MAS
acterization and structural investigation of solid-state COM:=HSQC, in which the proton chemical shift is encoded b
pounds under magic angle spinning (MAS). The overlappirglowing single-quantum coherencés evolve during the in-
broad proton resonances are separated according to the chgiféct detection time,. An experimental comparison between
ical shift of the neighboring carbon nuclei, which are usuallyhe two types of experiments is reported, mainly in terms ¢
better resolved and spread over a larger frequency ranggston resolution, for samples of natural abundance ‘a@d
thereby providing useful additional information for the changpeled.-alanine.
acterization of both the carbon and the proton MAS spectra. InThe pulse sequences for the MASHMQC and MASJ-
particular, heteronuclear correlation techniques are some of th€QC experiments are shown in Figs. 1a and 1b, respective
most powerful methods for the accurate determination of prafter cross-polarization from protons (I spins) the magnetizz
ton chemical shifts in solids. Such techniques have been nign of carbons (S spins) evolves during the detaynder only
merously applied either with isotopic enrichment or at naturgede isotropicJc, coupling Hamiltoninan. Indeed, during this
abundance for the structural investigation of organic molgeriod a homonuclear decoupling sequence is applied on p
cules, polymers, or biological systems in the solid stat), tons which removes the proton—proton dipolar coupling
Most of the heteronuclear correlation experiments (HETvhereas the remaining inhomogeneous interactions, i.e., t
COR) described so far in solid-state NMR used dipolar coghemical shift and the heteronuclear couplings, are averagec
plings to transfer the magnetization between protons and ctifeir isotropic components by magic angle spinning. Th
bons. Various polarization transfer schemes have beE8LG homonuclear decoupling sequent&-1§ was used in
proposed, like simple or modified Hartman—Hahn cross-polahe experiments presented here, but other schemes can
ization, WIM multiple-pulse sequences, or REDOR-type transemployed like the recently developped PMLA9) or
fer (6—11). The resolution in the proton dimension is usualPpUMBO sequence20). Thus, for a pair of covalently bonded
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FIG. 1. Pulse sequences and coherence transfer pathways for the solid-staté-MMC (a) and MASJI-HSQC (b) experiments. A 16-step phase cycle
was used for both experiments to select the coherence transfer pathways indicated (pulse programs are available on o2Eveelbgitequest to the authors).
0, is a 54.7° pulse. Quadrature detectionahn was achieved using the States meth@é) (by incrementing only the second 90° proton pulse. For th
MAS-J-HMQC experiment, the following phase cycle was us¢d:= +y, —y; ¢, = +y, +y, =y, =VY; ¢3 = +X, +X, +X, +X, +y, +y, +y, +y, =X,
=X, =X, =X, =Y, =Y, =Y, —Vy; receiver= 0, 2, 2,0, 2, 0, 0, 2, and for the MASHSQC experimentd, = +y, —y; ¢, = +Yy, +y, =y, —V; ¢3 = +X,
+X, X, EX, =X, =X, =X, =X by = +X, +X, +X, +X, +X, +X, +X, +X =X, =X, =X, =X, —X, —X, —X, —X; receiver= 0, 2, 2,0, 2,0, 0, 2. (¢)
The pulse sequence used for the dipolar HETCOR experiments. The pulse sequence was adapted ft@n@Refd(ature detection i, was achieved using
the TPPI method27) by incrementing the first 90° proton pulse. A 4-step phase cycle was gsed: +y, —Vy; ¢, = +X, +X, —X, —X; receiver= 0, 2.

'"H-"°C spins, the carbon magnetization evolves from in-phaaatiphase carbon coherence is converted into a heteronucl
(S,) into antiphase (RS,) coherence with respect to its-at multiple-quantum (MQ) coherence I(5,) by the 90° proton
tached proton. In the MAS-HMQC experiment (Fig. 1a), this pulse, while in the MAS}-HSQC experiment (Fig. 1b), two
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simultaneous 90° pulses applied on both channels transform cH |cus
this antiphase carbon coherence into an antiphase hetero- co

nuclear single-quantum (SQ) proton coherence32. The ' ‘

proton chemical shift is then encoded by allowing these MQ or
SQ coherences to evolve during the indirect evolution time
Note that in the MAS3-HMQC experiment, the carbon chem-
ical shift evolution duringt, (and during the periods) is j '
refocused by the 180¥C pulse applied in the middle of the
pulse sequence (a heteronuclear MQ coherence is insensitive to
the direct coupling between the two spins involved), whereas
in the MAS<J-HSQC experiment, the 180°C pulse applied in

t, serves only to remove the effects of the heteronuclear ———

couplings (the scalar coupling as well as the possible residual Car'bs(i Cherrll?c(ll Shiﬂs((:)pm)

dipolar broadening). In the MAS-HSQC experiment, the two

180° pulses applied simultaneously to protons and carbons iflG. 2. Carbon—proton two-dimensional MABHMQC spectrum of a
the middle of the fixed intervals are necessary to refocus theowder sample of natural abundancelanine. The sample was purchased

b hemical shift Ut hile k . l from Sigma and used without further recrystallization. The experiment we
carbon chemical shift evolution while keeping the, coupling performed on a Bruker DSX 500 spectrometer (proton frequency 500 MH

active. At the end of the evolution timg, the MQ and SQ sing a 4-mm triple-resonance MAS probe. The sample volume was restrict
coherences are converted back into antiphase carbon colesbout 25ul in the center of the rotor to increase the radiofrequency fiel
ences by the 90° pulses, and these coherences evolve dufifigpgeneity. A total of 256, points with 32 scans each was collected. A
the second period to become in-phase observable Cal,bo?r‘oectral width of 13,530 Hz was used in thg dimension. The spinning

h At di . | Fourier t ; f the ti equency was 12.5 kHz and the delagqual to 2.4 ms. The proton RF field
coherences. wo-dimensional Fourier ransiorm o e m%?rength was set to 100 kHz during both the delay6SLG decoupling) and

domain signal gives chemical shift correlations between paiiguisition (TPPM decoupling2g)). For the cross-polarization step, the con-
of bonded protons irnw; and carbons inw,. Note that the tacttime was setto 70@s. The 1D CP-MAS®C spectrum is shown above the
experiments presented here are quite analogous to certain @Brspectrum, whereas thl spectrum is the projection of the signaldn. No
sions of the liquid-state HMQC2() and HSQC 22) experi- jsigna.ll apodization was applied iI’"I the pr_oton dimension. In all spec_tra report
. o . . in_this paper, the proton chemical shift was referenced by setting fhe F
ments. However, unlike the liquid-state experiments which use /- =" ") ppm.
inverse detection of thé’C spectrum, in the MAS-FHMQC
and MASJ-HSQC pulse schemes, the magnetization is trans-
ferred through thd, couplings, from carbons to protons, angulse puts the proton transverse magnetization perpendicula
the °C spectrum is detected directly tp. Most importantly, the effective field. This decomposition into three pulses i
these methods involve evolution of the relatively long-livedecessary to achieve quadrature detectiom,r{obtained by
carbon transverse coherences during the fixed intesvalad incrementing the phase of the second 90° proton pulse frc
there is no evolution of short-lived proton coherences durirgne increment to another). At the end of the evolution time
these periods. Currently, direct transposition of liquid-stateo magic angle pulses are required: the second 90° prot
sequences, including proton detection, is not straightforwapdlse rotates the proton magnetization directly from the tran
since: (i) direct detection of théH spectrum under CRAMPS verse tilted plane to the tilted axis, so that it is aligned with
decoupling is experimentally relatively difficult and is likely tothe effective field during the second delay(Note that for the
introduce further artifacts into the spectrum; and (ii) magnetMAS-J-HMQC experiment we had not proposed this simpli
zation transfer of proton transverse coherence to carbdit&tion in our original paper.)
through thel, couplings would be much less efficient due to Figure 2 shows the two-dimensional MABHMQC spec-
the fast decay of proton magnetization under FSLG decauwum of natural abundaneealanine. The CH and CHarbons
pling. At the current state of the art in homonuclear decouplingte correlated with their attached protons whereas the carbol
this loss in signal-to-noise ratio is not compensated by direzdrbon gives no cross-peak in tle dimension. In theory,
proton detection. One should note, however, that this does moder FSLG decoupling, the proton chemical shift (as well &
mean that inverse detection, in complete analogy to the ctire heteronuclear couplings) is scaled by/8/ The proton
rently most common liquid-state experiments, will not becormeEhemical shift scale has been corrected for this scaling in all
feasible in the (not too distant) future for solids, for exampléhe spectra reported in this paper, and the proton linewidt
with the advent of improved CRAMPS techniques. have been measured on correctly scaled spectra. Figure
In both sequences the first magic putserotates the proton shows the proton traces extracted in éhedimension from this
magnetization from the tilted axis of the effective field under 2D MAS-J-HMQC spectrum. From these proton traces, it i
FSLG decoupling, i.e., from an axis inclined at 54.7° witltlearly visible that, when using a short value for the fixe
respect to thd, field to thez axis of the rotating frame, while intervalst (typically 2 ms), the experiment is highly selective
the second magic angle pulsg applied after the 90° proton for one-bond correlations, i.e., theand g8 carbons are only
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a Hp Ho coupling (for an aliphatic carbon, 130 Hz is a typical value fo
a one-bondl., coupling), a splitting of 200 Hz seems much
too large. Numerical calculations are under investigation |
explain this discrepancy.

A=165 Hz A= 180 Hz

b The relative advantages of the multiple-quantum and singl
A=150Hz A= 180 Hz guantum techniques were then investigated for a sample
fully **C-labeled.-alanine. The results obtained are presente

in Figs. 4a and 4b, which show the traces extracted from a
MAS-J-HMQC and MASJ-HSQC spectrum, respectively.
A=260Hz [} A=440Hz g The proton resolution is clearly enhanced when using the S
———— correlation technique. We assume that the broadening obsen
o8 6 4 20 08 6 4 2 0 in the MAS-J-HMQC proton traces (Fig. 4a) is due to the
Proton Chemical Shift (ppm) Proton Chemical Shift (ppm) unresolved homonuclear carbon—carbon couplings which &
FIG. 3. Proton traces extracted from the, dimension from a two- active on the MQ coherencesl(3,) created in the MAS-
dimensional MASI-HMQC (a) or MASJ-HSQC (b) correlation spectrum of HMQC experiment, but which are not on the SQ coherenc
a powder sample of natural abundanealanine. The experimental conditions£2|xsz) present in the MASFHSQC experiment. These cou

are the same as for Fig. 2. In (c), the proton traces are taken from a . . .
MAS-J-HSQC spectrum recorded without a 180° carbon pulse dufingder plegS include nOtably the ScalaEC coupllngs (typlcally 40 Hz

the same experimental conditions as for (a) and (b). The proton full linewid@etween two bonded carbons) as well as the possible resid
at half heightA is indicated for each trace. terms of the®’C—"C dipolar interactions.

Finally we compared the proton resolution obtained in scal:
and dipolar correlation techniques (a comparison in terms
correlated with their directly attached protons (the choice of @electivity or signal-to-noise ratio is not within the scope of thi
optimal value forr as well as a discussion on the selectivity opaper and has been already briefly discussed in R&)).(For
the MAS-J-HMQC experiment has already been reported in
Ref. (14)). Proton linewidths of about 180 (0.36 ppm) and 165

c . 100 Hz 200 Hz

Hz (0.33 ppm) were measured for theandB protons, respec- Hp Ho
tively. Note first that these linewidths are much narrower than x4 x4

those previously reported on the same sample but using other a A=310t A=40OHz
multiple-pulse decoupling techniques or fast MAS3(24. No

real change in proton resolution is observed for natural abun- x2 x4

dance L-alanine when proton single-quantum coherence b 4=170Hz A= 190 Hz

evolves during,, as indicated by the, traces extracted from

a 2D MAS-J-HSQC spectrum (Fig. 3b). We note, however,
that in the MASJ-HSQC experiment the signal-to-noise ratio =320 Hz
is a little bit weaker for both the: and thep protons and that

small artifactual peaks appear. This is probably simply related MJL

i

A= 440 Hz

j

to the fact that the MAS-HSQC experiment has a larger d A=200z A=260 Hz
number of pulses, each of which may introduce unwanted
signals due to imperfections. In particular, to keep the phase
cycle relatively short, the two 180° carbon pulses in the middle
of the fixed intervalsr were not cycled. FIG. 4. Proton traces extracted in thg dimension from a two-dimen

. . ° . sipnal MASJ-HMQC (a) and MASJ-HSQC (b) experiment recorded on a
As pomted out prewously, the 180° carbon pUIse appllep‘fwder sample of fully®*C-labeled.-alanine. The sample was purchased from

duringt, in the MASJ-HSQC experiment is only necessary ambridge Isotope Laboratories and used without further recrystallization. T
remove the effects of the heteronuclear couplings. Indeedperiment was performed on a Bruker DSX 500 spectrometer (proton fr
when this# pulse is removed from the MA$-HSQC pulse gquency 500 MHz). A total of 384, points with 16 scans each was collected.

sequence, a distinct splitting is observed for bothdtend the A spectral width of 13,364 Hz was used in thge dimension. The spi.nning
freeguency was 12.5 kHz and the delagqual to 2.4 ms. The contact time for

j proton resonances, as shown in Fig. 3c. These spllttlngs ﬁ’lr cross-polarization step was 7@6. The proton RF field strength was set to

caused by thd, scalar couplings. Thus, the resolution in th@gg kHz during both the delays (FSLG decoupling) and during acquisition.
proton traces is currently sufficient to resolve the heteronucleeyrand (d) show the», traces extracted at the same carbon frequency fror

scalar couplings in the proton dimension, which, to our knowipolar HETCOR experiments recorded (c) without and (d) with a 180° carbc
edge, has never been reported before for rigid solids. Splittin‘éﬁ?e duringt,. The contact time for cross-polarization in the HETCOR
p

. eriment was set to 10@s. The other experimental conditions were the
of 100 and 200 Hz are dlreCtIy measured on the,@Hd CH same as for the scalar correlations. In particular, the same FSLG decoupl

traces, respectively. While a doublet of 100 Hz correspongsnditions were used durirtg. The linewidth at half heigha is indicated for
well to what we can expect for a splitting due to a one-bdgd the CH and CH proton resonances.

12 8 4 0 12 8 4 0
Proton Chemical Shift (ppm) Proton Chemical Shift (ppm)
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the dipolar HETCOR experiments we used the pulse sequelacgingle-quantum operator. This effect, which is also observ
proposed by vanRossuet al. (12). It consists of af/2 + 6,,) for a dipolar correlation technique, can simply be removed
pulse on protons, directly followed by a proton chemical shifhcorporating a 180° carbon refocusing pulse. The MAS-
evolution timet, under FSLG decoupling, and subsequently HMQC and MASJ-HSQC spectra reported in this paper wert
magnetization transfer to carbons using a normal cross-poleairied out on a model sample, but they are applicable to
ization step, after returning the proton magnetization toxthe wide variety of crystalline and amorphous compounds and a
plane by af,, pulse. The carbon magnetization is detecteekpected to become very useful in the structural investigatic
during t, under heteronuclear decoupling, and a two-dimewf solid-state compounds.

sional Fourier transform of the time signal gives through-space
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