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A method of C chemical-shift-resolved H second moment
maging is proposed for molecular mobility imaging of heteroge-
eous materials. For evaluating the 1H second moment, the
ethod relies on the curve fitting procedure using spin-echo

hapes indirectly: The information of 1H echo shapes is transferred
to the 13C signal amplitude through 1H–13C cross polarization and
then the curve fitting is made using the 13C signal amplitude. The
13C signal is detected under 1H dipolar decoupling and magic
angle spinning, resulting in the incorporation of 13C chemical-shift
esolution. Imaging information is included in the 13C signal by

application of phase-encoding gradients. The second moment im-
ages obtained can reflect the molecular mobility at every molecular
site separated by 13C chemical shifts, yielding detailed information
n the molecular mobility. The method is demonstrated by spa-
ially 1D experiments performed on a model sample. © 2000 Academic

Press

Key Words: solid-state imaging; second moment; molecular mo-
bility; 13C chemical shift; heteronuclear correlation.

INTRODUCTION

The utility of NMR imaging for material characterizati
has been verified by successful applications to solid poly
(1, 2). The wealth of image contrast has played an impo
role in the characterization. Such image contrasts can b
tained from relaxation times and spectroscopic parameter
chemical shifts, providing invaluable information which c
not be obtained with other imaging techniques.

To enhance the utility of NMR imaging even further, no
image contrasts have recently been introduced (2–4). One
example is the second moment of1H dipolar spectra (2, 3),

hich can reflect the degree of molecular mobility an
hereby useful for examining the hardness or softness o
erials, the crosslink density in elastomers, etc. The meth
econd moment imaging evaluates the second mome
urve fitting using the peak shape of time-domain spin-
ignals. Since only a few points are usually sufficient
epresenting the echo peak shape, the method consid

1 To whom correspondence should be addressed. E-mail: matsu
sukuba.ac.jp.
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saves the measurement time compared to the method usi
frequency-domain spectrum for the evaluation (2, 3).

The method of second moment imaging assumes tha
second moment value spatially varies depending only o
local molecular mobility. However, this assumption is
necessarily valid for heterogeneous materials. Heteroge
materials contain many chemically distinctive protons and
far as proton spin diffusion is negligible, the second mom
can be dependent on the chemically distinctive protons as
For example, the second moment values for methyl and
matic protons are different when molecular motions are fro
These chemically distinctive second moments can be sep
based on chemical shifts. Each separated second mome
be a measure of the molecular mobility at the correspon
chemically distinctive site, providing much more detailed
formation about the molecular mobility. Here, we propos
modified method of1H second moment imaging which enab
such separation by making use of13C isotropic chemical shif
(5). The 13C chemical shifts can achieve a far more effic
separation compared to1H chemical shifts.

METHOD

The pulse sequence for the proposed method of se
moment imaging is shown in Fig. 1. This is the spatially
version of the13C chemical-shift-resolved1H second momen
imaging experiment. After preparing the1H transverse magn
tization by a 90° pulse, application of a refocusing puls
pulse sequence produces a spin echo. This is followed
spin-locking pulse starting at several points of time in
vicinity of the echo peak (t 1 5 t). In this way, the informatio
of echo peak shape is encoded into the cross-polarization
process and is transferred to the cross-polarized13C signa
amplitude. The second moment is estimated from the t
ferred information of the echo peak shape by the curve fi
procedure (2, 3). The 13C signal is detected under the1H
dipolar decoupling, yielding13C isotropic chemical shifts. Th
sample undergoes magic angle spinning (MAS) for avera
out the chemical-shift anisotropies. Prior to13C detection, th
1D imaging information is included by the phase enco
gradient applied along the MAS axis. (We note that the ph
bk.
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316 NONAKA, MATSUI, AND INOUYE
encoding can be made alternatively to protons just befor
spin locking.) For 2D or 3D imaging, multiple gradients m
be applied with MAS taken into account (6, 7). The MAS
peed must be kept slow such that the second moment
ffected by MAS. TOSS would generally be needed for
ressing spinning sidebands due to the relatively slow M

EXPERIMENTAL

All the experiments were performed on a CMX300 Infin
spectrometer with a CP/MAS imaging probe (8). In the pre
liminary experiments, we used a model sample compr
mixtures of adamantane and hexamethylbenzene pow
which mimics heterogeneous materials. The second mo
values for the powders are 0.94 and 2.01 G2, respectively (3).

he MAS frequency was set at 800 Hz. The13C spectrum o
the model sample essentially consists of CH and CH2 peaks
rom adamantane and a CH3 peak from hexamethylbenzen
since spinning sidebands from the ring carbons are negli
weak.

As the spin echo shown in Fig. 1, we chose a solid e
rather than the magic echo which we previously employed3):
The magic echo can in principle represent the correct
shape (9), hence the correct second moment. On the o
hand, the solid echo shape does not give the correct s
moment when the RF pulse spacing is not sufficiently s
compared to the transverse relaxation time (10). However, the
magic echo formation was considerably sensitive to the i
ference effect by MAS while the solid echo formation w
found less sensitive to the MAS interference. For exam

FIG. 1. Pulse sequence for1H NMR second moment imaging with13C
hemical-shift resolution. The spatially 1D version is shown. The sa
ndergoes relatively slow magic angle spinning (MAS) and the field gra
G) is directed along the MAS axis. A spin echo is produced by the applic

of refocusing pulses. The second moment is extracted by curve fitting fro
echo shape, which is encoded into the cross-polarization (CP) process t
the incrementation oft 1 (typically, t 1 5 0 ; 2t). This produces a13C
magnetization that is amplitude-modulated according to the echo shap
13C signal is detected under1H dipolar decoupling (DD) together with MA
ielding 13C isotropic chemical shifts.
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when the time intervalt, which is defined by the initial R
pulse spacing in both echoes, was fixed to 30ms, the secon
moment obtained from the magic echo started deviating
MAS frequency of 1.5 kHz. On the other hand, in the cas
the solid echo the second moment values remained const
to a MAS frequency of 3 kHz.

RESULTS AND DISCUSSION

Results of the spatially 1D13C chemical-shift-resolved1H
second moment imaging experiments performed on the m
sample are summarized in Figs. 2, 3, and 4: Fig. 2 sho
representative13C chemical-shift-resolved spin density ima
which was obtained by settingt 1 5 t 5 30 ms in the puls
sequence shown in Fig. 1. The 1D adamantane (A) and
ametylbenzene (H) spin density images are separated c
based on the three13C chemical shifts, consistent with t
chemical composition of the model sample. The theore

FIG. 2. Representative13C chemical-shift-resolved spin density image
he model sample shown in this figure. The image is consistent wit
hemical composition of the model sample, as indicated by AH and AH2 (A,

adamantane; H, hexamethylbenzene). Effectively 32 phase encoding
made for 2.4 ms with a maximum field gradient of 3 G/cm. The field gra
was directed along the MAS axis. The theoretical spatial resolution is 32mm

nd the spectral resolutions are 30, 30, and 80 Hz for CH, CH2, and CH3 peaks
espectively. Proton RF field amplitudes were 15 G for 90° pulses and 8 G for
P and DD (Fig. 1). The time intervals for CP and DD were adjusted to
0 ms. The MAS frequency was 800 Hz. The measurement was repea

imes every 5 s.
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317IMAGING OF THE 1H NMR SECOND MOMENT
spatial resolution is 320mm and the spectral resolutions are
30, and 80 Hz, for CH, CH2, and CH3 peaks, respectively.

Figure 3 displays a series of13C chemical-shift-resolved 1
pin density images of the model sample. Twelve images
btained by incrementing the time intervalt 1 every 5ms (Fig.

1) and only half of them are shown. (The number of ima
12, is not necessarily small enough; it was increased inten
ally by reducing the accumulation number for each imag
order to avoid systematic error due to small instabilities o
spectrometer over the relatively long measurement
12.8 h.) Note that the image amplitudes are modulated ac
ing to the echo peak shapes. Then, after performing c
fitting at every image pixel, the13C chemical-shift-resolved1H
second moment image shown in Fig. 4 was obtained. Th13C
hemical-shift-resolved1H second moment image separa

and represents faithfully the different values of the sec
moment, 0.94 G2 for the CH and CH2 peaks (adamantane) a
2.01 G2 for the CH3 peak (hexamethylbenzene), respectiv
The spin diffusion is not negligible between the CH and C2

protons in this sample; so the second moment values a
same for the CH and CH2 peaks.

Our preliminary experimental results have demonstrate
validity of the proposed method of second moment imag
The proposed variant of the second moment imaging
resolve the sample not only spatially but also chemic
yielding much more detailed information on the molec
mobility in heterogeneous materials such as polymer ble
Although the incorporation of the13C chemical-shift resolutio

FIG. 3. A series of13C chemical-shift-resolved spin density images.
ray-scale image in Fig. 2, 2D plots are used for clarity.) The images we

(Fig. 1). Note that the image amplitudes are modulated according
hemical-shift-resolved1H second moment image shown in Fig. 4.
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is associated with undesirable loss in sensitivity due to th13C
signal detection, we believe that there are many situa
where such a trade-off made between the sensitivity an
incorporation of the13C chemical-shift resolution can be ju-
tified.

y half of the images are shown selected from the total of 12 images. (U
obtained by incrementing the time intervalt 1 every 5ms whilet was fixed at 30ms
the echo peak shapes. Curve fittings using the series of images y13C

FIG. 4. 13C chemical-shift-resolved1H second moment image of t
model sample shown in Fig. 2. The image was obtained from the series o
density images shown in Fig. 3 by performing curve fitting at every im
pixel. Note that the13C chemical-shift-resolved1H second moment imag
separates and represents faithfully the different values of the second m
0.94 G2 for the CH and CH2 peaks (adamantane) and 2.01 G2 for the CH3 peak
(hexamethylbenzene), respectively. The background noise is suitably m
using the image data shown in Fig. 2.
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