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A dedicated equipment has been designed for solid state NMR It is in fact our objective to perform a so-called two-dimen-
imaging in the spatial direction coinciding with the rotation axis of  sjonal chemical-shift imaging experiment, with one dimensiol
a **C CP/MAS probe. It involves a two-turn B, gradient coil whose  gssociated with chemical shift, the second one correspondi
plane is perpendicular to that axis and a "H-"°C doubly tuned 15 5 gpatial variable. Aiming at instrumental simplicity, we
saddle coil used for normal spectroscopic operations, orthogonal to have chosen the direction of the spinning axis as the examin
the latter. The experiment provides a two-dimensional diagram - - . ; - - .

spatial dimension (this avoids the use of synchronized osci

with **C chemical shift in one dimension whereas the second lati . . h h
dimension corresponds to the space variable. Some test experi- ating gradient £6-29) and aB, gradient rather than &,

ments demonstrate the validity of this approach. e 1sss Acacemic press ~ JF20I€NE. It proved possible) to create &8, gradient along
Key Words: CP/MAS NMR; chemical shift imaging; radiofre- the spinning axis, however, by means of the combination
quency field gradient; NMR probe; 2D experiment. two gradients acting along perpendicular directions. This latte
choice is dictated by several advantage8gfgradients over
B, gradients: (1) they are immune to magnetic susceptibilit
NMR imaging methods in the solid state are hampered lriations across the sample, contranBipgradient systems,
the importance of linewidths which thus require huge gradientgich would suffer from internal gradients due to possible
and/or line narrowing procedure$<3). This is especially true magnetic susceptibility changes along the spinning axis dire
for proton NMR imaging. Indeed, because proton offers th&n (in other directions, it is likely that sample spinning would
best sensitivity, a large variety of experiments have beesmove the effect of these internal gradients); (2) they affor
proposed in this respect£21), leading, most of the time, only negligible raise and fall times; (3) they do not produce an
to spin density images, i.e., devoid of chemical shift informadditional shift, thus eliminating the need of special decouplin
tion. An alternative approach for circumventing the linewidtiprocedures; (4) it is relatively easy to createBa gradient
problem is to turn to high resolution spectroscopy of rare spiasong the spinning axis direction; (5) for a long time, chemical
(22—25 with cross-polarization and under magic angle spirshift imaging techniques witB, gradients have proven to be
ning and dipolar decoupling6—29. In addition, compared to quite reliable 81).
proton imaging, this may provide a much better discrimination We begin with a brief description of the probe which has
of the different species through their chemical shifts. It islready been discussed in the context of self-diffusion me:
actually this type of experiment which is addressed in thsuirements 32). The gradient coil, tuned at the carbon-13
present paper. Except problems associated with the low seifistquency, is located in a plane perpendicular to the spir
tivity of such nuclei (for examplet*C at natural abundance),ning axis whereas the coil devoted to pure spectroscop
difficulties arise from (1) the synchronization of the gradierdperations must be of the saddle type (Fig. 1, from Rel
with sample rotation if it is applied perpendicularly to th€32)) so as to fulfill the requirement of orthogonality be-
rotation axis and (2) the spreading of resonance frequenciesasten the two coils. The gradient coil, comprising two turn:
B, gradients are used; this spreading may entail off-resonargfediameter 22 and 18 mm, respectively, deliversBa
effects which alter the Hartmann—Hahn condition and the ejradient of 21 G/cm for a RF power of 300 W. Other coil
ficiency of dipolar decoupling2®). Moreover, such experi- geometries could be considered in order to improve th
ments run withB, gradients are rather instrumentally demandserformance of this experimental setup. The saddle coil h:
ing. Nevertheless, examples of spin density images atge following dimensions: height of 8.2 mm and diameter o
relatively frequent and even separate images of chemicalymm. Moreover, it must be doubly tuned for proton anc
shifted species could be obtained, for instance, by selectingas&bon-13 (in the present case) with appropriate stop-ci

characteristic peak of a given compourab)( cuits on both channels. Pulse lengths are carbon-13 9

pulse: 8.5us for a RF power of 200 W; proton 90° pulse: 8.2

1 To whom correspondence should be addressed. ps for a RF power of 40 W. For both coils, high voltage

2UPRESA CNRS 7042, FU CNRS 1742 (INCM). capacitors were used in order to deal possibly with large R
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where v; is the resonance frequency of thih peak in the
conventional spectrum (in [1] and [2] relaxation effects have
been omitted). A double Fourier transform of [2] will therefore
yield for each resonance the spin density as a function of tt
space variableX. It can be mentioned that the Fourier trans-
form with respect tok is a real one which leads to pure
absorption peaks and avoids consequently any phase tw
effect. It must also be mentioned that, by contrast vth

gradients, it is recommended to increment the gradient pul:
duration rather than the gradient amplitude. This is to prevel
off-resonance effects which are prone to occur due to the lar
carbon-13 spectral widths. As a consequence, a damping fac
of the form expty/T, ) = exp(—2wk/yg,T, ) must be

FIG. 1. A sketch of the coil assembly used for performing tie included in Eq. [1];T, , is the effective relaxation time of

chemical-shift imaging experiment in rotating solids (from R&R)J. nutating magnetization and is such thaT 1, = (1/2) (1/T,

+ 1/T,) (34). This leads to the “theoretical” spatial resolution

power. Leakage between the two coils is rather critical; it is 1 /1 1 1
optimized by gently adjusting the position of the connection AX = Y0 <T1 + Tz) = 0T,
wires (an isolation factor of 35 dB being currently

achieved). Finally, the orientation and position of the coince in solidsT, is usually much shorter thaff,. For
assembly with respect to the sample (Andrew type rotor) C#istance, this would yield, with a gradient of 21 G/cm, 3
be finely modified by a mechanical device. Experimentpatial resolution of 0.jum for adamantane (natural, of
were run on a homemade spectrometer equipped with635 ms). This value is obviously unrealistic because it doe
4.7-T wide-bore vertical magnet. Three amplifiers are negot account for all factors which reduce the actual spatic
essary: a Kalmus 163 HP amplifier operating at 200 MHz feesolution 8) and because adamantane has an exceptiona
cross polarization and dipolar decoupling, a Bruker B-LAXong T,. Nevertheless, this figure illustrates the potentiality
1000 operating at 50 MHz and used at the cross polarizatighthe method which is not affected by magnetic suscept
stage, a Bruker B-LAX 300 RS operating at 50 MHz fopijlity variations across the sample (and consequentlBpy

feeding the gradient coil. gradients which appear at interfaces in a heterogeneo
The chemical-shift imaging pulse sequence is relatively sim-

ple and is schematized in Fig. 2. The phase cycling serves

merely to eliminate artifacts and the sequence will be discussed (W/2)g,
according to the first phase cycle step. It starts classically by
polarization transfer from proton to carbon-13. At this stage,
carbon magnetization is along tReaxis of the rotating frame.
Spatial encoding stems from the application d8agradient
pulse along the axis of the rotating frame. It can be recalled
that the relative phases of the two carbon-13 transmitters must
be adjusted so that they act in the same rotating fr&@8e The (CP),,

(3]

(SL), DD

'H

B, gradient pulse produces a nutation in tteplane which MBS "
results in an amplitude modulation for thecomponent of
magnetization, Y ‘ t

S(t,) = p(X)coq27kX) [1] FIG. 2. The chemical-shift imaging pulse sequence. After the cross pc

larization stage, &, gradient pulse, applied during, generates spatial
] ) ] _encoding. The signal is thereafter normally acquired dutingrhe phase
with the usuak variable,k = yg,t,/ 27 (g, gradient ampli- cycling is

tude),X being the spatial variable associated with the direction

of the spinning axis, angd(X) the relevant spin density. The P ®2 s a
acquired signal, obtained under dipolar decoupling, is thus of +y x iy x
the form -y +X +y -X

+y +x -y +X

-y +X -y —X

S(ty, to) = 2, p(X, y)cog2mkX)exp2imyt),  [2]
j and can be appended by a CYCLOPS proceduse ¢, and ¢,).
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FIG. 3. The experiment of Fig. 2 applied to a rotating (2.5 kHz) sample of adamantane (4 mmi.d., 3 mm in height along the imaging axis). Cross-polal
time, 7 ms; 32, values incremented by 14s (zero-filled to 256 points); 4K data points in thedimension (zero-filled to 8K), 128 scans for edglincrement;
recycle time, 5 s.

sample). Indeed, Eq. [3] reminds one that the spatial resshift axis) exhibits the expected shape with sharp edges. Tl
lution is governed by the naturdl, and not byT% as it may next sample that we have investigated contains adamanta
be the case witlB, gradient experiments. in the lower compartment and hexamethylbenzene (HME
Once the experiment itself has proven to be feasible {@athe upper compartment; both compartments have rough
typical “fast” experiment performed with an adamantanthe same height (ca. 1.5 mm). The separator (thickness, 4
sample requires a measuring time of about 40 minutes), the) is made of teflon. The image, shown in Fig. 4, has bee
next step is to determine a region where the gradient limited to the aliphatic carbons (CGtof HMB; CH and CH,
uniform. This has been achieved by positioning in a trial araf adamantane). In addition to comments similar to thos
error fashion the rotor whose cylinder (4 mm i.d.) is filledjyiven for Fig. 3, we can mention that the separator is clearl
with 2 mm in height of adamantane powder. The result idsible and can be accurately located. The remaining sligl
that the gradient is uniform in a region corresponding distorsions in the profiles (obtained by projection along th
least to a cylinder of 4-mm diameter and of 3.5-mm heighthemical-shift dimension) are believed to arise from a rel
It can also be mentioned that this diameter is sufficientBtively poor sensitivity and/or to a non-uniform receptivity
small so that theB, field is constant within a given planeof the saddle coil.
perpendicular to the spinning axis, reducing to negligible The above examples demonstrate the feasibility'
level any gradient shift. Further assessment of the gradiefemical-shift imaging in rotating solids B, gradients with,
uniformity is provided by the images themselves. Figure (Botentially, an excellent spatial resolution. The use of th
shows the 2D spectrum of a 4-mm-i.d. sample containingt&chnique for real world problems should however await som
mm in height of adamantane powder. This spectrum ischnical improvements especially at the saddle coil leve
especially clean, the only visible artifacts being two tinwhich should accept more important RF power and whos
axial peaks and some slight spurious oscillations at the tepnsitivity might be increased. Also, the dimensions of both th
of the profile. Indeed, the same length is observed for tlgeadient coil and the saddle coil could be reconsidered in vie
two traces and the profile (projection along the chemicabf examining larger samples.
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FIG. 4. Same experiment as in Fig. 3 with a sample made of two compartments, one filled with adamantane powder, the other with HMB powder; 25
for eacht, increment.
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