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A method of ®*C chemical-shift-resolved 'H second moment
imaging is proposed for molecular mobility imaging of heteroge-
neous materials. For evaluating the 'H second moment, the
method relies on the curve fitting procedure using spin-echo
shapes indirectly: The information of "H echo shapes is transferred
to the *C signal amplitude through *H-"*C cross polarization and
then the curve fitting is made using the **C signal amplitude. The
C signal is detected under 'H dipolar decoupling and magic
angle spinning, resulting in the incorporation of **C chemical-shift
resolution. Imaging information is included in the **C signal by
application of phase-encoding gradients. The second moment im-
ages obtained can reflect the molecular mobility at every molecular
site separated by *C chemical shifts, yielding detailed information
on the molecular mobility. The method is demonstrated by spa-
tially 1D experiments performed on a model sample.
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INTRODUCTION

The utility of NMR imaging for material characterization

saves the measurement time compared to the method using
frequency-domain spectrum for the evaluati@n3).

The method of second moment imaging assumes that t
second moment value spatially varies depending only on tt
local molecular mobility. However, this assumption is nof
necessarily valid for heterogeneous materials. Heterogenec
materials contain many chemically distinctive protons and, ¢
far as proton spin diffusion is negligible, the second momer
can be dependent on the chemically distinctive protons as we
For example, the second moment values for methyl and ar
matic protons are different when molecular motions are froze
These chemically distinctive second moments can be separa
based on chemical shifts. Each separated second moment
be a measure of the molecular mobility at the correspondir
chemically distinctive site, providing much more detailed in:
formation about the molecular mobility. Here, we propose
modified method ofH second moment imaging which enables
such separation by making use'd€ isotropic chemical shifts
(5). The *C chemical shifts can achieve a far more efficien
separation compared té chemical shifts.

METHOD

has been verified by successful applications to solid polymers
(1, 2. The wealth of image contrast has played an important,¢ pulse sequence for the proposed method of seco

role in the characterization. Such image contrasts can be ghs

dment imaging is shown in Fig. 1. This is the spatially 1C

tained from relaxation times and spectroscopic parameters lik&sion of the®C chemical-shift-resolvedH second moment
chemical shifts, providing invaluable information which Canimaging experiment. After preparing thl transverse magne-

not be obtained with other imaging techniques.

tization by a 90° pulse, application of a refocusing pulse ¢

To enhance the utility of NMR imaging even further, novelise sequence produces a spin echo. This is followed by

image contrasts have recently been introduc2d4(. One g jocking pulse starting at several points of time in the
example is the second moment 1 dipolar spectraZ, 3), yicinity of the echo peakt{ = 7). In this way, the information
which can reflect the degree of molecular mobility and i§t echo peak shape is encoded into the cross-polarization (G
thereby useful for examining the hardness or softness of MfAocess and is transferred to the cross-polariZed signal
terials, the crosslink density in elastomers, etc. The methodé}{]p”tude_ The second moment is estimated from the tran
second moment imaging evaluates the second moment fBieq information of the echo peak shape by the curve fittin
curve fitting using the peak shape of time-domain Sp'”'eCB‘Pocedure 2, 3. The *C signal is detected under thi
signals. Since only a few points are usually sufficient fofinglar decoupling, yielding®C isotropic chemical shifts. The

representing the echo peak shape, the method consider@gmme undergoes magic angle spinning (MAS) for averagir
out the chemical-shift anisotropies. Prior 'fi€ detection, the

1To whom correspondence should be addressed. E-mail: matsui@B®l imaging information is included by the phase encodin
tsukuba.ac.jp. gradient applied along the MAS axis. (We note that the phas
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_ Refocusing when the time intervak, which is defined by the initial RF
90° pulse pulse spacing in both echoes, was fixed tou&) the second
l moment obtained from the magic echo started deviating at
MAS frequency of 1.5 kHz. On the other hand, in the case
180° the solid echo the second moment values remained constant
\/\ to a MAS frequency of 3 kHz.
A

Cp DD

CP
RF(3C) —— VA2

RESULTS AND DISCUSSION

Phase Encode . . .
G Results of the spatially 1B°C chemical-shift-resolvedH

second moment imaging experiments performed on the moc

sample are summarized in Figs. 2, 3, and 4: Fig. 2 shows

] representativé’C chemical-shift-resolved spin density image,
A/D which was obtained by setting = 7 = 30 us in the pulse

FIG. 1. Pulse sequence fdH NMR second moment imaging withic ~ Se€duence shown in Fig. 1. The 1D adamantane (A) and he

chemical-shift resolution. The spatially 1D version is shown. The samp&metylbenzene (H) spin density images are separated clec

undergoes relatively slow magic angle spinning (MAS) and the field gradiegased on the thre&C chemical shifts, consistent with the

(G)is dlrepted along the MAS axis. A spin (_echo is produced by th‘e ‘appllcan(%rhemicm composition of the model sample. The theoretic:
of refocusing pulses. The second moment is extracted by curve fitting from the

echo shape, which is encoded into the cross-polarization (CP) process through

the incrementation ot, (typically, t; = 0 ~ 27). This produces &°C

magnetization that is amplitude-modulated according to the echo shape. The Aladamantane

3C signal is detected undéH dipolar decoupling (DD) together with MAS, H:hexamethylbenzene
yielding **C isotropic chemical shifts.

encoding can be made alternatively to protons just before tg,
spin locking.) For 2D or 3D imaging, multiple gradients mus__
be applied with MAS taken into accoun6,(7). The MAS &
speed must be kept slow such that the second moment is —
affected by MAS. TOSS would generally be needed for SU|§'
pressing spinning sidebands due to the relatively slow MAS

JUaIpERIN

EXPERIMENTAL

All the experiments were performed on a CMX300 Infinity
spectrometer with a CP/MAS imaging prob®.(In the pre-
liminary experiments, we used a model sample comprisit
mixtures of adamantane and hexamethylbenzene powde
which mimics heterogeneous materials. The second mom
values for the powders are 0.94 and 2.0 @spectively ).
The MAS frequency was set at 800 Hz. THE spectrum of
the model sample essentially consists of CH and, @elaks
from adamantane and a Ghieak from hexamethylbenzene,
since spinning sidebands from the ring carbons are negligit

+—>r

2.5mm
Spatial Axis

-
10ppm

weak. - , 13C Chemical Shift
As the spin echo shown in Fig. 1, we chose a solid echo

rather than the magic echo which we prewously employk)d ( FIG. 2. Representativé’C chemical-shift-resolved spin density image of

The maagic echo can in princiole represent the correct ec he model sample shown in this figure. The image is consistent with tf
gl In princip p mical composition of the model sample, as indicated by AH angd (A

shape 9), hence the correct second moment. On the othgfamantane; H, hexamethylbenzene). Effectively 32 phase encodings w
hand, the solid echo shape does not give the correct secetade for 2.4 ms with a maximum field gradient of 3 G/cm. The field gradien
moment when the RF pulse spacing is not sufficiently shovas directed along the MAS axis. The theoretical spatial resolution ig/&20
compared to the transverse relaxation tirh@)(However, the 2and the spectral resolutions are 30, 30, and 80 Hz for CH, &itti CH peaks,

- . . . .. respectively. Proton RF field amplitudes were 15 G for 90° pulsds3a@ for
magic echo formation was pon&deraply sensitive to _the 'nt(%fl'? and DD (Fig. 1). The time intervals for CP and DD were adjusted to 3 an
ference effect by MAS while the solid echo formation wagg ms. The MAS frequency was 800 Hz. The measurement was repeated

found less sensitive to the MAS interference. For exampliémes every 5 s.
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FIG. 3. A series of**C chemical-shift-resolved spin density images. Only half of the images are shown selected from the total of 12 images. (Unlil
gray-scale image in Fig. 2, 2D plots are used for clarity.) The images were obtained by incrementing the timetiregarsl 5us while r was fixed at 3Qus
(Fig. 1). Note that the image amplitudes are modulated according to the echo peak shapes. Curve fittings using the series of image§Gield
chemical-shift-resolvedH second moment image shown in Fig. 4.

spatial resolution is 322m and the spectral resolutions are 3(s associated with undesirable loss in sensitivity due td'ifie
30, and 80 Hz, for CH, CH and CH peaks, respectively. signal detection, we believe that there are many situatiol
Figure 3 displays a series 6C chemical-shift-resolved 1D where such a trade-off made between the sensitivity and t|
spin density images of the model sample. Twelve images weéneorporation of theC chemical-shift resolution can be jus
obtained by incrementing the time intertalevery 5us (Fig. tified.
1) and only half of them are shown. (The number of images,
12, is not necessarily small enough; it was increased intention-
ally by reducing the accumulation number for each image in
order to avoid systematic error due to small instabilities of the
spectrometer over the relatively long measurement time,
12.8 h.) Note that the image amplitudes are modulated accord-
ing to the echo peak shapes. Then, after performing curve
fitting at every image pixel, th€C chemical-shift-resolvetH
second moment image shown in Fig. 4 was obtained. "{be
chemical-shift-resolvedH second moment image separates
and represents faithfully the different values of the second
moment, 0.94 Gfor the CH and CH peaks (adamantane) and
2.01 G for the CH, peak (hexamethylbenzene), respectively.
The spin diffusion is not negligible between the CH and,CH

2.5mm
Spatial Axis

+—»
protons in this sample; so the second moment values are the 4 10ppm .
same for the CH and CHpeaks. C Chemical Shift

Our preliminary experimental results have demonstrated the g, 4. “c chemical-shift-resolvedH second moment image of the
validity of the proposed method of second moment imagingiodel sample shown in Fig. 2. The image was obtained from the series of sy
The proposed variant of the second moment imaging ceensity images shown in Fig. 3 by performing curve fitting at every imag

H . 1 13, H n . .
resolve the sample not only spatially but also chem|callg',xe" Note that the™C chemlcal shift re_solvedH second moment image
ielding much more detailed information on the molecul eparates and represents faithfully the different values of the second mome
yie - 9 . . &Y 94 G for the CH and CHpeaks (adamantane) and 2.0if@ the CH, peak
mobility in heterogeneous materials such as polymer blen@g.xamethylbenzene), respectively. The background noise is suitably mask

Although the incorporation of thEC chemical-shift resolution using the image data shown in Fig. 2.
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