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Abstract

NMR imaging by radio-frequency field gradients (B; gradients) is especially convenient for heterogeneous samples and/or in the
case of relatively short transverse relaxation times. The method has been combined with the application of two spin-lock periods of
different duration so as to produce rotating-frame spin-lattice relaxation time (77,) images. In the case of natural rubber samples
with different crosslink densities, such images are not only characteristic of the crosslink density but also reveal the way in which the
material has been stressed. The strained parts can be visualized either directly or through histograms showing the 7;, distribution

over the whole sample.
© 2003 Elsevier Science (USA). All rights reserved.

In spite of the claimed potentiality of NMR images
displaying values of the rotating-frame spin-lattice re-
laxation time (77,) rather than of spin density [1,2], the
method has not yet gained a wide recognition, as com-
pared with transverse relaxation time images [3]. This
may appear surprising as 7j, is devoid of problems as-
sociated with the measurement of the transverse relax-
ation time, 75, yet leading in principle to the same type
of information. These problems include echo modula-
tion by spin—spin couplings, possibly composite decays
(Gaussian and multiexponential) and experimental dif-
ficulties related to the quality of radio-frequency (RF)
pulses [4]. In fact, if one is primarily interested in con-
trasts arising from slow motions, 77, would be even
more informative than 75 since its inverse is dominated
by a spectral density not at zero frequency (7> case), but
at a frequency given by

VB,
V) = o s (1)
where y is the gyromagnetic ratio of the considered
nucleus and B, is the amplitude of the spin-locking RF
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field used for letting the system evolve under 7j,. The
usual values of B; are such that v; lies in the 1-100 kHz
range, thus rendering 7}, sensitive to motions having a
characteristic time in the millisecond-microsecond
range. Identification of those motions can be achieved
through dispersion imaging, that is pixel-by-pixel evo-
lution of Tj, as a function of v;. This feature has been
exploited for different proton systems which include
slowly moving macromolecules or paramagnetic con-
trast agents [2], crosslinked rubbers [5,6], and articular
cartilage [7]. Concerning crosslinked rubbers, the sub-
ject of the present paper, the question is to decide
whether it is necessary to probe the whole dispersion
curve in order to achieve a significant characterization
of the material. In previous papers [8,9], it has been
shown experimentally that these dispersion curves ex-
hibit systematically a decrease of 7, with v, while they
appear approximately parallel, their respective shift
increasing with the crosslink density. This means that a
proper discrimination can be obtained at any reason-
able value of v; (say 10kHz). From an interpretation
point of view, dispersion curves could be fitted ac-
cording to

ki

Rlp:k0+v_°1‘

(2)
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where the relaxation rate R, is the inverse of 7j, and
where k) and k; are both proportional to the mean
square of residual proton—proton dipolar couplings (in
other words to the second moment of the proton reso-
nance line). o, the exponent of the power law, has to be
experimentally determined [5,8] and was found to be the
same for all samples in the series previously investigated
[8]. Moreover, T} dispersion curves published quite re-
cently on similar systems [10] are comparable to T,
dispersion curves; this comparison is of course valid in
the limited frequency range allowed by 7;, measure-
ments where only the effects of slow motions can be
probed. The important point is that 7;,, measured with
a given B; amplitude is characteristic of the values of
residual dipolar couplings which are themselves related
to crosslink density.

It looks therefore interesting to devise an imaging
experiment based on T, values or Tj, distribution so as
to visualize possible heterogeneities within a rubber
sample. Such experiments employing B, gradients al-
ready exist [1,2,5-8]; they imply of course a period of
spin-lock ending by a m/2 pulse which flips back the
magnetization toward the z axis where it is stored before
being imaged. This is followed by a spoil gradient in
order to suppress any transverse magnetization; there-
after the imaging process can start.

However, performing 77, imaging with B; gradients
turns out to be much simpler. The method follows from
previous procedures aimed at obtaining 77 or 7, images
[11,12] and relies on two interleaved experiments with
two different relaxation evolution intervals. The basic
sequence is shown in Fig. 1 where the standard acqui-
sition stage is simply replaced by a train of short B,
gradient pulses with acquisition of a single point be-
tween two consecutive pulses. The Fourier transform of
the pseudo-fid which has been obtained that way yields
the spatial profile of the projection upon the B; gradient
direction [13]. A 2D map is obtained by a step-by-step
sample rotation and a treatment based on the projec-
tion-reconstruction principle along with an adaptation
of the “filtered back projection™ algorithm [14]. A Ti,
map is obtained by a pixel-by-pixel analysis of the two
data sets corresponding, respectively, to the two evolu-

[%]x (81« [% (81«
| s
[ ] /] (]
— 11 J
+—> n P n
T (%)

Fig. 1. Sequence used for the generation of 77, maps. (SL), indicates a
spin-lock period; (g;), symbolizes a B, gradient pulse repeated n times
so that a pseudo-fid representative of spatial encoding is acquired one
data point at a time (indicated by the dot between two consecutive
gradient pulses).

tion intervals of duration 7| and 7,, recognizing that the
interleaved mode affords compensation for any instru-
mental drift. If we denote by /; and I, the intensities
associated with t; and t,, respectively, we have

11— T

Tlp o 111([2/]1) ' (3)
The four rubber samples studied here (denoted in the
following by G, A, B, and C) are small cylinders of
approximately 3 mm diameter cut from plates of 2mm
thickness kindly provided by Hutchinson S.A.
(Chalette-sur-Loing, France). They differ by their
amounts of sulfur and CBS (N-cyclohexylbenzothiazole-
2-sulfenamide, which is a vulcanization accelerator). G
is natural rubber without any treatment whereas A, B,
and C have been vulcanized with 1, 2, and 3 phr (per
hundred rubber), respectively, of both sulfur and CBS.
Crosslink density thus increases from G to A, B, and C.
'H NMR experiments have been carried out with a
homemade spectrometer operating at 200 MHz, equip-
ped with a special probe capable of delivering a radio-
frequency field gradient of approximately 20 G/cm. The
sample placed in a NMR tube was rotated by steps of
3.6°; this yields a hundred profiles from which 7;, im-
ages were reconstructed (pixels for which the spin den-
sity is lower than 20% of the maximum intensity were
disregarded since, in these conditions, 7T;, determination
is unreliable). The amplitude of the spin-lock field was
adjusted so that vi = 10 kHz; 7, and 1, were set at 1 and
4 ms, respectively.

At first glance, images displayed in Fig. 2 are repre-
sentative of the mean 77, value pertaining to each sam-
ple. This mean value is indeed close to the result obtained
from conventional 77, measurements (obtained with
larger pieces of rubber, more gently cut than the samples
investigated here) but systematically lower (see Table 1).
This feature can be easily understood by considering the
histograms [5,6] which are seen to be systematically
asymmetrical with the extended part toward smaller T,
values. This asymmetry decreases from G to C, just as
the deviation between conventional 77, values and those
extracted from images. In spite of these deviations, a
simple look at the colors of images in Fig. 2 indicates
that crosslink density discrimination can be simply and
reliably achieved through two spin-lock experiments
with properly chosen evolution times (7; and 17).

Also interesting is the Tj, distribution within each
sample which is seen to involve a marked decrease on
the edges of the pieces of rubber, at least for the softer
materials (samples G and A). Smaller T, values indicate
larger residual dipolar interactions [9] which obviously
do not arise from a change of crosslink density but ra-
ther from a reduced distance between interacting pro-
tons or from an increase in chain rigidity; one can
naturally envision that this can be produced by poly-
meric chains becoming closer and this is indeed what
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Fig. 2. Ti, maps for the four rubber samples which differ by their crosslink density (see text), along with the corresponding histograms showing the
Ty, dispersal for each sample. The color scale is common permitting a direct comparison of the four images.

Table 1
Comparison of mean 7, values (ms) extracted from the images of Fig.
2 with values determined from a conventional measurement

Sample Conventional Image

G 13.4+0.7 11.5+£0.8
A 9.4+0.5 8.5+£0.6
B 8.3+04 7.7+0.6
C 69+04 6.2+0.6

occurs in the regions of lowest 77, values which are also
the regions of stress since samples have been punched
from the rubber plate.

Sample heterogeneity is still better appreciated from
the images and histograms of Fig. 3 which are a rep-
resentation of reduced and centered data,
(T, — T1,)/Tip, T, being the mean value for the con-
sidered sample. The strained regions (sample edges) are
clearly visible for sample G (natural rubber without any
treatment) and sample A (lowest crosslink density), while
they are virtually absent in images of samples B and C. It
can be seen that histograms corresponding to these two
undamaged samples are symmetrical (with this repre-
sentation) and presumably reflect the random distribu-
tion of crosslinks and/or measurement uncertainties.
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Fig. 3. Same as Fig. 2 with reduced and centered data (T, — T1,)/T1,) which afford a better visualization of sample heterogeneity.

Conversely, histograms for samples G and A remain
asymmetrical and much broader indicating unambigu-
ously a non-random lowering of T, in strained regions.
These regions are wider in the case of samples A and G
because they are soft rubbers (G, untreated; A, lowest
crosslink density) and consequently are prone to be more
altered than the other samples in the series.

NMR methods have been used for long in order to
characterize stressed materials [3]. The approach devel-

oped here has the merit of simplicity and efficiency,
probably due to the fact that it employs B; gradients,
known to be well adapted to systems with relatively
short transverse relaxation times. Moreover, imaging
methods based on this type of gradients do not suffer
from abrupt modifications of magnetic susceptibility
[15] as the ones existing at the sample edges; it is
therefore especially well suited for observing subtle
changes occurring in regions close to an interface.
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