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ABSTRACT: Material property (MAP) NMR imaging is a promising tool for the investigation of materials.
It is based on relaxation weighted imaging, which is combined with a theoretical description to relate
the measured NMR data, in this investigation represented by T1F relaxation values, with the property of
the material one is interested in. Following this concept, T1F images with different strengths of the spin-
lock amplitude have been acquired for a rubber sample consisting of three pieces of natural rubber with
different cross-link densities. The data were evaluated using a defect diffusion model and transformed
into images of the properties of the polymer network. Images related with the cross-link density and the
power law of the T1F dispersion, which characterizes the molecular dynamics, have been calculated.

Introduction

Originally developed for clinical investigations, NMR
imaging nowadays increasingly is applied for the
investigation of materials.1 Compared with other imag-
ing methods which are used in material science, NMR
imaging gives relatively poor resolution. The use of
NMR imaging for the investigation of materials, how-
ever, is not so much based on high spatial resolution,
but rather on its nondestructiveness and on the fact that
it allows one to acquire supplementary information on
the sample, which is not accessible by other methods.
A technique which was found to be especially useful

in this respect is parameter-selective NMR imaging.
Parameter-selective NMR imaging is based on the
calculation of an image of a suitable NMR parameter,
for instance the transverse relaxation time T2, from a
set of different relaxation weighted conventional NMR
images. It has been applied so far for the study of cross-
link densities, aging processes and the stress distribu-
tion in elastomer materials.1-7 In particular the relax-
ation times T1F (longitudinal relaxation time in the
rotating frame) and T2 (transverse relaxation time) were
shown to be sensitive parameters for the discrimination
of differently aged regions or of regions with different
cross-link densities in rubber samples, respectively.2-7

Materials scientists, however, are interested not so
much in images of NMR parameters such as relaxation
times but in images of properties they use to character-
ize materials. In previous publications,3-7 therefore, the
first steps toward the imaging of material properties
have been undertaken. As a particularly promising
approach, the concept of material property (MAP) imag-
ing has been introduced3 on the example of spin-spin
relaxation weighted images, using a single chain
model8-10 for the evaluation of the material properties.
Cross-link densities,3 the correlation times of the chain
dynamics, and aging effects4,5 have been investigated

locally and were displayed directly as an image of the
corresponding material property. In this work, the
concept of MAP imaging will be applied to the other
parameter, T1F, which was found to be sensitive to the
structure and dynamics of polymer materials.

Theory
The defect diffusion model has been shown to be

useful for the interpretation of T1F relaxation in rubber
networks11-15 and, therefore, will be applied in the
following for the evaluation of the T1F imaging data.
For an uncorrelated homonuclear two-spin system

coupled by dipole-dipole interaction, the longitudinal
relaxation in the rotating frame is given by12

M2,mod is the fraction of the second moment of the rigid
lattice, which is modulated by the molecular motion12
and J(0)(2ω1) is the spectral density function, which is
related to the autocorrelation function of the dipolar
interaction function K0(t) by

In the defect diffusion model, the detectable motions
of a chain are described as translational diffusion of
structural defects, for instance rotational isomers, along
parts of the chain. If a defect passes a reference
nucleus, which is used as a probe for the molecular
motions, the nucleus changes to a perturbed state.
The following assumptions are made for the deter-

mination of the correlation function of the molecular
motion:
1. The random motions of chain defects are regarded

as one-dimensional translational defect diffusion.
2. The molecular motions of the chain defects be-

tween chemical and physical cross-links and other
topological restrictions are anisotropic, since the restric-
tions are fixed for the relevant time scale.
3. The chemical cross-links, the physical cross-links,

and the topological restrictions are barriers reflecting
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the diffusing defects. They have an infinite life time
compared to the correlation time of motion.
4. A hyperbolic diffusion equation is assumed to

account for the limited number of diffusion steps, which
are possible between two restrictions in the case of high
cross-link density and high defect density.
The assumptions 1-4 lead to a lengthy spectral

density function.12 This function can be simplified for
three limiting ranges:

where τd is the diffusion time of a diffusing chain defect
of the width b over the distance d from barrier to
barrier. τd is related to the correlation time of the
restricted translational diffusion process

by

The correlation time τc contains all parameters of the
model. An increase in the density of chemical cross-
links leads to an increase in the correlation time of the
defect motion. τb is the mean “holding time“ of a
distortion by a defect at a reference segment and is
given by

The latter approximation is valid for d . b.
As can be shown by bulk measurements of T1F in

rubber at room temperature, the relevant range for the
evaluation of the images is the range corresponding to
eq 3. Substituting τb/τd by (b/d)2 and τb by τd, eq 3 can
be written in the following form:

If certain frequencies in the spectrum of motion are
frozen, the observed frequency dependence, however,
may change as a function of the cross-link density to

ωR with R between 0 and 2/3. Following the treatment
of ref 16, eq 3 is modified to

with 0 < R < 2/3.
The final formula for the evaluation of the T1F data

then is given by

The relevant parameter is d/b, which describes the
relation between the diffusion length d and the width
of the defect b. For a very small defect concentration
along a chain, the diffusion length can be interpreted
as the mean length of the inter-cross-link chain and is
inversely proportional to the cross-link density. For a
given defect width b, the ratio b/d therefore directly
reflects the cross-link density of the investigated sample.
In general, the parameter d/b is strongly correlated to
the distance between physical or chemical cross-links,
respectively. The correlation time τc, and hence τd, can
be determined by a temperature dependent bulk mea-
surement from the minimum of T1F(1/T),12 provided that
it can be regarded as a constant over the whole sample.
For the investigated rubber materials the value for τd
(τd ≈ 3τc/4) is 7 × 10-8 s at room temperature. This
value is in good agreement with the data from the
relaxation map of natural rubber17 and the well-known
William, Landel, Ferry time-temperature equation,
respectively. The second moment M2,mod, which is
modulated by the motion of structural defects18,19 (e.g.
kinks, Boyer, Schatzki, and Wunderlich crankshaft
motion, Boyd-Breitling “flip-flop“ motion and gauche
translation, Gronsky motion), is regarded to be a
constant for the whole sample and is approximately 1.25
× 1010 s-2.

Method
Figure 1 shows the pulse sequence used for the acquisition

of the T1F images. A conventional spin-echo back-projection
imaging sequence is combined with a T1F filter sequence. Since
the spin-lock pulse becomes slice-selective if it is irradiated
under the influence of a gradient,20 the imaging gradients were
switched on after the T1F filter. In order to avoid fast gradient
switching, which was not possible with the hardware used for
the experiment, a flip-back pulse is applied at the end of the
T1F filter to store the magnetization in the z-direction.
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Figure 1. Pulse sequence used for the T1F MAP imaging. A
spin-lock sequence with flip-back pulse is applied preceding a
conventional back-projection spin-echo imaging sequence. The
duration of the spin-lock pulse is stepped for the evaluation
of the T1F values, and the spin-lock amplitude is incremented
for the determination of the T1F dispersion, which is required
for the calculation of the material properties.
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According to eq 11, the rf-frequency dependence of T1F has
to be determined for the evaluation of the material parameters.
Hence, a series of T1F images with different spin-lock ampli-
tudes has to be acquired. The duration of the spin-lock pulse,
therefore, is incremented for the acquisition of the T1F values,
while the lock amplitude is incremented for the determination
of the frequency dependence of T1F.
The evaluation of the acquired data sets is performed in two

steps. First, T1F images are calculated pixel for pixel from the
differently relaxation weighted images. The pixels of the
resulting T1F images then are used for the determination of
the relevant material parameters by a fit of eq 11 using an
iterative Levenberg-Marquardt algorithm. The fit procedure
is stable as long as reasonable starting values are chosen. For
each of the pixels, therefore, an automatic procedure for the
estimation of these values is performed prior to the fitting
procedure. With a reliability of 90% d/b is determined within
4% and R within 20%. The resulting parameter sets of d/b
and R are displayed in the form of the corresponding images.

Experiments and Results

The experiments have been performed on a Varian Unity-
400 NMR spectrometer equipped for micro-imaging. A Varian
broad-band probe, which was improved by a homemade 5 mm
coil insert, was used. The 90° pulse length with this arrange-
ment was 1.5 µs. The spin-lock time was incremented between
100 µs and 3 ms in 24 steps. The amplitudes of the spin-lock
pulses were 22.3, 46.3, 67.6, 102.4, and 151.5 kHz, respectively.
A gradient of 35 G/cm was stepped by 128 angle increments
for the projection-reconstruction procedure. The pixel resolu-
tion of the 256 × 256 pixel image was 70 µm × 70 µm. No
slice selection was applied to the sample, so that the resolution
in the third direction was the thickness of the sample (1.3 mm).
The acquired data were evaluated using our homemade image
processing software,21 which is particularly suitable for the
analyzation of relaxation weighted NMR images.
The sample was composed of three pieces of filler-free

natural rubber with different cross-link densities. The rubber
pieces were prepared of standardized Malaysian rubber, which
was mixed with an increasing amount of cross-linking agent
(0.8, 1.6, and 2.4 phr). The resulting values of the cross-link
density have been determined by an alternative NMRmethod
based on transverse relaxation to be 3.8 × 10-5, 6.6 × 10-5,
and 9.8 × 10-5 mol/cm3, respectively.3,9,10

Figure 2 shows a conventional spin-density image of the first
sample. The different cross-link densities of the three rubber
pieces cannot be distinguished in this image. The situation

changes as soon as the T1F weighted sequence is applied and
images with cross-link-density induced contrast can be achieved
as a basis for the evaluation in terms of material properties.
Figure 3a shows the resulting d/b image of the sample,

where τd was regarded to be a constant over the whole sample.
In this image, the three pieces of rubber are easily discrimi-
nated by their different d/b values. As is expected, the d/b
values are decreasing with increasing cross-link density.
Figure 3b shows the corresponding image of the parameter

R, which is sensitive to changes in the spectrum of molecular
motions. As is evident from the image, also this parameter
yields contrast between the different rubber pieces, indicating
small changes in the molecular dynamics.
The distribution of the calculated material parameters

within the whole sample can be displayed in the form of a
histogram analysis. As an example, the d/b distribution is
shown in Figure 4a. The three maxima correspond to the
center values of d/b for the single rubber pieces. They are well
separated from each other, which is an indication of the
reliability and accuracy of the fit procedure. From the width
of each of the corresponding peaks, the distribution of the d/b
values within the rubber pieces can be estimated. Hence, the
histogram analysis offers an estimation of the cross-link
density inhomogeneity of the single rubber pieces.
For comparison of the model-dependent d/b values with the

model-free T1F relaxation time, Figure 4b depicts the histogram
analysis of a T1F image, which was acquired at a field strength
of 67.6 kHz. Comparison of both histograms shows that the
original T1F contrast is preserved by the interpretation in terms

Figure 2. Conventional spin-density image of a sample
consisting of three pieces of rubber with different cross-link
densities. The values of the cross-link density are (from the
left to the right): 3.8 × 10-5, 6.6 × 10-5, and 9.8 × 10-5 mol/
cm3. These differences are not represented in the spin-density
image.

Figure 3. (a) MAP image of the sample of Figure 2. Displayed
is the parameter d/b, describing the defect diffusion length in
relation to the defect length. The three rubber pieces are easily
discriminated by this parameter, since the d/b values are
correlated to the cross-link densities. (b) MAP image of the
parameter R describing the influence of cross-linking on the
spectral density of the molecular motions of the chain defects.
For the investigated sample, the values of the parameter R
are found to be between 0.1 and 0.25.

Macromolecules, Vol. 29, No. 5, 1996 NMR Imaging of Cross-Linked Polymers 1657



of the defect diffusion model and also ensures the reliability
of the applied numerical procedures.

Discussion
Material property imaging with T1F as the NMR

parameter was shown to be a useful tool for the
investigation of the properties of rubber materials. The
calculation of the MAP images is based on the defect
diffusion model, which not only reveals material proper-
ties such as the parameter d/b which is related to the
cross-link density but also gives valuable information
on the type of motion involved.
Three pieces of rubber with different cross-link densi-

ties were used as a test sample for the demonstration
of the performance of the method. The different cross-
link densities could clearly be distinguished in the
material property images and the corresponding histo-
grams. The contrast with respect to the cross-link

density for T1F MAP imaging was considerably better
than the contrast provided by a corresponding MAP
image calculated from transverse relaxation.3,4
Unlike the single chain model, which was used for

the interpretation of transverse relaxation, the defect
diffusion model applied here provides the ratio d/b as a
material parameter rather than the cross-link density.
In order to evaluate the cross-link density distribution,
one has to assume that the defect width b remains the
same over the investigated sample. This is certainly a
reasonable assumption as long as the spatial variation
of the relevant parameters which influence the defect
width, such as for instance the cross-link density or the
temperature, is relatively small. On the other hand, if
the cross-link density distribution is known, for example
from transverse MAP imaging, T1F MAP imaging in
principle enables one to investigate changes in the width
of the defects.
Compared with MAP imaging based on transverse

relaxation, a certain drawback of T1F MAP imaging is
that two successive fitting procedures are necessary for
the evaluation of the material parameters, one for the
calculation of the T1F values and the other for the
calculation of the material properties from the T1F
values. Errors in the fitting procedures accumulate and
form a big challenge for quantitative evaluations. As a
first step toward reliable quantification, detailed inves-
tigations of statistical errors are currently in progress.
Besides the statistical errors discussed above, a sys-
tematic error is introduced by the approximation in eq
8, which is valid for low cross-link density only. For
high cross-link density, full eq 8 has to be used and b
and d have to be treated as separate fit parameters.
The acquisition of T1F MAP images is very time-

consuming, since both the duration and the length of
the spin-lock pulses must be varied for the evaluation
of the material parameters. However, compared with
MAP imaging based on transverse relaxation, T1F MAP
imaging is less sensitive with respect to artifacts. For
instance, the truncation artifact discussed in ref 3 can
be easily avoided. But, more important, both techniques
are not so much in competition with each other, but give
supplementary information on the investigated mate-
rial. While transverse relaxation MAP imaging directly
reveals the cross-link density, T1F MAP imaging in
addition yields information on the extension of defects
and the type of motion involved.
Conventional parameter-selective imaging, certainly,

also provides contrast for the investigated sample.
However, contrary to relaxation weighted imaging, MAP
imaging directly reveals the material and dynamical
parameters involved. Material scientists, therefore, are
not depending on vague ideas about the relationship
between NMR parameters and material properties, but
get direct access to the parameters they are interested
in. In this context, it should be emphasized that MAP
imaging, as it was described above, is not based on a
simple transformation of NMR parameters to material
parameters in the sense of a simple scaling procedure,
but on the interpretation of the measured NMR data
using a physical model.
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(5) Fülber, C.; Blümich, B.; Unseld, K.; Hermann, V. Kautsch.

Gummi Kunstst. 1995, 48, 254.
(6) Smith, S. R.; Koenig, J. L. Macromolecules 1991, 24, 3496.
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