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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 L-alanine. We show that for

atural abundance compounds, the MAS-J-HMQC and MAS-J-
HSQC experiments give about the same proton resolution,
whereas, for 13C-labeled materials, narrower proton linewidths are
btained with the MAS-J-HSQC experiment. In addition we show
hat in scalar as well as in dipolar heteronuclear shift correlation
xperiments, when the proton chemical shift is encoded by the
volution of a single-quantum coherence, the proton resolution can
e enhanced by simply adding a 180° carbon pulse in the middle
f the t1 evolution time. © 2001 Academic Press

Key Words: through-bond spectroscopy; heteronuclear correla-
tion methods; scalar couplings; homonuclear decoupling.

Two-dimensional carbon–proton isotropic chemical s
correlation spectroscopy (1) is an important tool for the cha
acterization and structural investigation of solid-state c
pounds under magic angle spinning (MAS). The overlap
broad proton resonances are separated according to the
ical shift of the neighboring carbon nuclei, which are usu
better resolved and spread over a larger frequency r
thereby providing useful additional information for the ch
acterization of both the carbon and the proton MAS spectr
particular, heteronuclear correlation techniques are some
most powerful methods for the accurate determination of
ton chemical shifts in solids. Such techniques have bee
merously applied either with isotopic enrichment or at na
abundance for the structural investigation of organic m
cules, polymers, or biological systems in the solid state (2–5).

Most of the heteronuclear correlation experiments (H
COR) described so far in solid-state NMR used dipolar
plings to transfer the magnetization between protons and
bons. Various polarization transfer schemes have
proposed, like simple or modified Hartman–Hahn cross-p
ization, WIM multiple-pulse sequences, or REDOR-type tr
fer (6–11). The resolution in the proton dimension is usu
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improved by applying CRAMPS techniques (1, 12) or by using
very fast magic angle spinning (11, 13).

Another way of transferring magnetization between car
and protons is to use the heteronuclear scalar couplings
commonly the case in liquid-state NMR. TheJCH couplings
constitute an interesting alternative to dipolar couplings, e
cially in terms of selectivity since, while the dipolar couplin
act through-space, the heteronuclear scalar interactions p
unambiguous through-bond correlations. We recently de
strated the feasibility of such a transfer in solid-state NMR
proposed a new heteronuclear correlation experiment du
MAS-J-HMQC (14). The sequence uses through-bond sc
couplings to generate heteronuclearmultiple quantum cohe
enceswhich provide isotropic chemical shift correlation
tween pairs of directly bonded (1H, 13C) or (1H, 15N) nuclei and
was shown to be suitable for the complete characterizati
the spectra of medium-size natural abundance organic
pounds (15). In this Communication, we present a new sch
or obtaining through-bond correlations in solids, called M
-HSQC, in which the proton chemical shift is encoded
llowing single-quantum coherencesto evolve during the in
irect detection timet 1. An experimental comparison betwe

the two types of experiments is reported, mainly in term
proton resolution, for samples of natural abundance and13C-
labeledL-alanine.

The pulse sequences for the MAS-J-HMQC and MAS-J-
HSQC experiments are shown in Figs. 1a and 1b, respect
After cross-polarization from protons (I spins) the magne
tion of carbons (S spins) evolves during the delayt under only
he isotropicJCH coupling Hamiltoninan. Indeed, during th
period a homonuclear decoupling sequence is applied on
tons which removes the proton–proton dipolar coupl
whereas the remaining inhomogeneous interactions, i.e
chemical shift and the heteronuclear couplings, are averag
their isotropic components by magic angle spinning.
FSLG homonuclear decoupling sequence (16–18) was used i
he experiments presented here, but other schemes c
mployed like the recently developped PMLG (19) or
UMBO sequences (20). Thus, for a pair of covalently bond
1090-7807/01 $35.00
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1H–13C spins, the carbon magnetization evolves from in-p
(Sx) into antiphase (2I zSy) coherence with respect to its-
tached proton. In the MAS-J-HMQC experiment (Fig. 1a), th

FIG. 1. Pulse sequences and coherence transfer pathways for the s
was used for both experiments to select the coherence transfer pathways
um is a 54.7° pulse. Quadrature detection inv1 was achieved using the

AS-J-HMQC experiment, the following phase cycle was used:f 1 5 1y, 2
2x, 2x, 2x, 2y, 2y, 2y, 2y; receiver5 0, 2, 2, 0, 2, 0, 0, 2, and for th
1x, 1x, 1x, 2x, 2x, 2x, 2x; f 4 5 1x, 1x, 1x, 1x, 1x, 1x, 1x, 1
The pulse sequence used for the dipolar HETCOR experiments. The pu
the TPPI method (27) by incrementing the first 90° proton pulse. A 4-ste
seantiphase carbon coherence is converted into a heteron
multiple-quantum (MQ) coherence (2I xSy) by the 90° proto
pulse, while in the MAS-J-HSQC experiment (Fig. 1b), tw

-state MAS-J-HMQC (a) and MAS-J-HSQC (b) experiments. A 16-step phase c
icated (pulse programs are available on our web site (25) or by request to the author
tes method (26) by incrementing only the second 90° proton pulse. For
f 2 5 1y, 1y, 2y, 2y; f 3 5 1x, 1x, 1x, 1x, 1y, 1y, 1y, 1y, 2x,
AS-J-HSQC experiment:f 1 5 1y, 2y; f 2 5 1y, 1y, 2y, 2y; f 3 5 1x,

2x, 2x, 2x, 2x, 2x, 2x, 2x, 2x; receiver5 0, 2, 2, 0, 2, 0, 0, 2. (c
sequence was adapted from Ref. (12). Quadrature detection inv1 was achieved usin
hase cycle was used:f 1 5 1y, 2y; f 2 5 1x, 1x, 2x, 2x; receiver5 0, 2.
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451COMMUNICATIONS
simultaneous 90° pulses applied on both channels tran
this antiphase carbon coherence into an antiphase h
nuclear single-quantum (SQ) proton coherence (2I xSz). The
proton chemical shift is then encoded by allowing these M
SQ coherences to evolve during the indirect evolution timt 1.
Note that in the MAS-J-HMQC experiment, the carbon che
ical shift evolution duringt 1 (and during the periodst) is
refocused by the 180°13C pulse applied in the middle of t
pulse sequence (a heteronuclear MQ coherence is insens
the direct coupling between the two spins involved), whe
in the MAS-J-HSQC experiment, the 180°13C pulse applied i

1 serves only to remove the effects of the heteronu
couplings (the scalar coupling as well as the possible res
dipolar broadening). In the MAS-J-HSQC experiment, the tw
180° pulses applied simultaneously to protons and carbo
the middle of the fixed intervalst are necessary to refocus
carbon chemical shift evolution while keeping theJCH coupling
active. At the end of the evolution timet 1, the MQ and SQ
coherences are converted back into antiphase carbon
ences by the 90° pulses, and these coherences evolve
the second periodt to become in-phase observable car
coherences. A two-dimensional Fourier transform of the
domain signal gives chemical shift correlations between
of bonded protons inv1 and carbons inv2. Note that the
experiments presented here are quite analogous to certa
sions of the liquid-state HMQC (21) and HSQC (22) experi-

ents. However, unlike the liquid-state experiments which
nverse detection of the13C spectrum, in the MAS-J-HMQC
and MAS-J-HSQC pulse schemes, the magnetization is tr
ferred through theJCH couplings, from carbons to protons, a
he 13C spectrum is detected directly int 2. Most importantly
hese methods involve evolution of the relatively long-li
arbon transverse coherences during the fixed intervalst, and

there is no evolution of short-lived proton coherences du
these periods. Currently, direct transposition of liquid-s
sequences, including proton detection, is not straightfor
since: (i) direct detection of the1H spectrum under CRAMP
decoupling is experimentally relatively difficult and is likely
introduce further artifacts into the spectrum; and (ii) magn
zation transfer of proton transverse coherence to ca
through theJCH couplings would be much less efficient due
the fast decay of proton magnetization under FSLG de
pling. At the current state of the art in homonuclear decoup
this loss in signal-to-noise ratio is not compensated by d
proton detection. One should note, however, that this doe
mean that inverse detection, in complete analogy to the
rently most common liquid-state experiments, will not bec
feasible in the (not too distant) future for solids, for exam
with the advent of improved CRAMPS techniques.

In both sequences the first magic pulseum rotates the proto
magnetization from the tiltedz axis of the effective field und

SLG decoupling, i.e., from an axis inclined at 54.7° w
espect to theB0 field to thez axis of the rotating frame, whi

the second magic angle pulseu applied after the 90° proto
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pulse puts the proton transverse magnetization perpendicu
the effective field. This decomposition into three pulse
necessary to achieve quadrature detection inv1 (obtained by
incrementing the phase of the second 90° proton pulse
one increment to another). At the end of the evolution timt 1,
no magic angle pulses are required: the second 90° p
pulse rotates the proton magnetization directly from the tr
verse tilted plane to the tiltedz axis, so that it is aligned wit
the effective field during the second delayt. (Note that for the
MAS-J-HMQC experiment we had not proposed this sim
fication in our original paper.)

Figure 2 shows the two-dimensional MAS-J-HMQC spec
trum of natural abundanceL-alanine. The CH and CH3 carbons
are correlated with their attached protons whereas the car
carbon gives no cross-peak in thev1 dimension. In theory
under FSLG decoupling, the proton chemical shift (as we
the heteronuclear couplings) is scaled by 1/=3. The proton
chemical shift scale has been corrected for this scaling in
the spectra reported in this paper, and the proton linew
have been measured on correctly scaled spectra. Figu
shows the proton traces extracted in thev1 dimension from thi
2D MAS-J-HMQC spectrum. From these proton traces,
clearly visible that, when using a short value for the fi
intervalst (typically 2 ms), the experiment is highly select
for one-bond correlations, i.e., thea and b carbons are on

FIG. 2. Carbon–proton two-dimensional MAS-J-HMQC spectrum of
powder sample of natural abundanceL-alanine. The sample was purcha
rom Sigma and used without further recrystallization. The experimen
erformed on a Bruker DSX 500 spectrometer (proton frequency 500
sing a 4-mm triple-resonance MAS probe. The sample volume was res

o about 25ml in the center of the rotor to increase the radiofrequency
homogeneity. A total of 256t 1 points with 32 scans each was collected
spectral width of 13,530 Hz was used in thev1 dimension. The spinnin
frequency was 12.5 kHz and the delayt equal to 2.4 ms. The proton RF fie
strength was set to 100 kHz during both the delayst (FSLG decoupling) an
acquisition (TPPM decoupling (28)). For the cross-polarization step, the c
tact time was set to 700ms. The 1D CP-MAS13C spectrum is shown above t
2D spectrum, whereas the1H spectrum is the projection of the signal inv1. No
signal apodization was applied in the proton dimension. In all spectra rep
in this paper, the proton chemical shift was referenced by setting thb
resonance to 1 ppm.
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452 COMMUNICATIONS
correlated with their directly attached protons (the choice o
optimal value fort as well as a discussion on the selectivity
the MAS-J-HMQC experiment has already been reporte
Ref. (14)). Proton linewidths of about 180 (0.36 ppm) and
Hz (0.33 ppm) were measured for thea andb protons, respec
tively. Note first that these linewidths are much narrower
those previously reported on the same sample but using
multiple-pulse decoupling techniques or fast MAS (23, 24). No
real change in proton resolution is observed for natural a
dance L-alanine when proton single-quantum cohere
evolves duringt 1, as indicated by thev1 traces extracted fro
a 2D MAS-J-HSQC spectrum (Fig. 3b). We note, howev
that in the MAS-J-HSQC experiment the signal-to-noise ra
is a little bit weaker for both thea and theb protons and tha
small artifactual peaks appear. This is probably simply re
to the fact that the MAS-J-HSQC experiment has a larg
number of pulses, each of which may introduce unwa
signals due to imperfections. In particular, to keep the p
cycle relatively short, the two 180° carbon pulses in the mi
of the fixed intervalst were not cycled.

As pointed out previously, the 180° carbon pulse app
during t 1 in the MAS-J-HSQC experiment is only necessary
remove the effects of the heteronuclear couplings. Ind
when thisp pulse is removed from the MAS-J-HSQC pulse
sequence, a distinct splitting is observed for both thea and the
b proton resonances, as shown in Fig. 3c. These splitting
caused by theJCH scalar couplings. Thus, the resolution in
proton traces is currently sufficient to resolve the heteronu
scalar couplings in the proton dimension, which, to our kn
edge, has never been reported before for rigid solids. Spli
of 100 and 200 Hz are directly measured on the CH3 and CH
traces, respectively. While a doublet of 100 Hz corresp
well to what we can expect for a splitting due to a one-bondJ

FIG. 3. Proton traces extracted from thev1 dimension from a two
imensional MAS-J-HMQC (a) or MAS-J-HSQC (b) correlation spectrum
powder sample of natural abundanceL-alanine. The experimental conditio

are the same as for Fig. 2. In (c), the proton traces are taken from
MAS-J-HSQC spectrum recorded without a 180° carbon pulse duringt 1 under
the same experimental conditions as for (a) and (b). The proton full line
at half heightD is indicated for each trace.
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coupling (for an aliphatic carbon, 130 Hz is a typical value
a one-bondJCH coupling), a splitting of 200 Hz seems mu
too large. Numerical calculations are under investigatio
explain this discrepancy.

The relative advantages of the multiple-quantum and si
quantum techniques were then investigated for a samp
fully 13C-labeledL-alanine. The results obtained are prese
in Figs. 4a and 4b, which show thev1 traces extracted from
MAS-J-HMQC and MAS-J-HSQC spectrum, respective
The proton resolution is clearly enhanced when using th
correlation technique. We assume that the broadening obs
in the MAS-J-HMQC proton traces (Fig. 4a) is due to
unresolved homonuclear carbon–carbon couplings whic
active on the MQ coherences (2I xSy) created in the MAS-J-
HMQC experiment, but which are not on the SQ cohere
(2I xSz) present in the MAS-J-HSQC experiment. These co-
plings include notably the scalarJCC couplings (typically 40 H
between two bonded carbons) as well as the possible re
terms of the13C–13C dipolar interactions.

Finally we compared the proton resolution obtained in sc
and dipolar correlation techniques (a comparison in term
selectivity or signal-to-noise ratio is not within the scope of
paper and has been already briefly discussed in Ref. (14)). For

FIG. 4. Proton traces extracted in thev1 dimension from a two-dimen-
sional MAS-J-HMQC (a) and MAS-J-HSQC (b) experiment recorded on
powder sample of fully13C-labeledL-alanine. The sample was purchased f

ambridge Isotope Laboratories and used without further recrystallization
xperiment was performed on a Bruker DSX 500 spectrometer (proto
uency 500 MHz). A total of 384t 1 points with 16 scans each was collec

A spectral width of 13,364 Hz was used in thev1 dimension. The spinnin
frequency was 12.5 kHz and the delayt equal to 2.4 ms. The contact time
he cross-polarization step was 700ms. The proton RF field strength was se
00 kHz during both thet delays (FSLG decoupling) and during acquisit
c) and (d) show thev1 traces extracted at the same carbon frequency

dipolar HETCOR experiments recorded (c) without and (d) with a 180° ca
pulse duringt 1. The contact time for cross-polarization in the HETC
experiment was set to 100ms. The other experimental conditions were
same as for the scalar correlations. In particular, the same FSLG deco
conditions were used duringt 1. The linewidth at half heightD is indicated fo
he CH and CH proton resonances.
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the dipolar HETCOR experiments we used the pulse sequ
proposed by vanRossumet al. (12). It consists of a (p/2 1 um)
pulse on protons, directly followed by a proton chemical s
evolution timet 1 under FSLG decoupling, and subsequen
magnetization transfer to carbons using a normal cross-p
ization step, after returning the proton magnetization to thxy
plane by aum pulse. The carbon magnetization is dete

uring t 2 under heteronuclear decoupling, and a two-dim-
sional Fourier transform of the time signal gives through-s
correlations between pairs of nearby carbon and proton n
The proton linewidths measured in thev1 traces of the HET-
COR spectrum (Fig. 4c) are significantly larger than th
observed in the MAS-J-HSQC traces (Fig. 4b). In the dipo
HETCOR experiment, the proton chemical shift is encode
the evolution of a single quantum operator (I x), on which the

eteronuclear couplings are active (as is the case for the s
uantum operator 2I xSz created in the MAS-J-HSQC experi-

ment) and may lead to a broadening of proton lines. Indee
expected, when we ran a HETCOR experiment with an a
tional 180° carbon pulse in the middle oft 1 (Fig. 1c), we
observed a substantial proton line narrowing (Fig. 4d) sinc
net contribution of the heteronuclear couplings is remo
Thus, by slightly modifing the pulse sequence for the dip
HETCOR experiments, the resolution of the proton spect
crystalline samples can be significantly improved. The
provement in resolution has been demonstrated here
13C-labeled sample, but a similar effect is observed for na
abundance compounds (data not shown). Note, howeve
even with this refocusing pulse, the proton resonances i
dipolar HETCOR spectrum remain slightly broader than th
obtained in the MAS-J-HSQC spectrum. This observation c
be explained by the fact that, unlike the cross-polarization
the magnetization transfer by scalar couplings favors car
proton pairs for which the residual couplings under the M
and FSLG are weakest (the signal of more strongly cou
pairs undergoes comparatively greater attenuation thr
dephasing during thet delays than that of the weakly coup

airs).
In conclusion, the MAS-J-HMQC and MAS-J-HSQC ex

periments presented in this paper consitute a new cla
heteronuclear correlation experiments for solid-state N
which use, like their liquid-state analogs, the scalar coup
to transfer magnetization between pairs of bonded hete
clei. The MAS-J-HMQC experiment requires fewer puls
seems more robust, and has a small advantage in ter
sensitvity and artifacts over the MAS-J-HSQC version fo
natural abundance samples. In these samples, we have
that the proton resolution does not depend on theJ-pulse
scheme used. However, the SQ scheme provides a real a
tage in terms of proton resolution when compared to the
scheme for fully labeled samples. In addition, our experim
indicate that the resolution in the proton dimension is sig
cantly affected by the presence of the heteronuclear coup
when the proton chemical shift is encoded by the evolutio
ce
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a single-quantum operator. This effect, which is also obse
for a dipolar correlation technique, can simply be remove
incorporating a 180° carbon refocusing pulse. The MAJ-
HMQC and MAS-J-HSQC spectra reported in this paper w
carried out on a model sample, but they are applicable
wide variety of crystalline and amorphous compounds an
expected to become very useful in the structural investig
of solid-state compounds.
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