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ABSTRACT: Proton residual dipolar couplings of elastomer chains were used to generate contrast in
NMR images of stretched elastomers. Dipolar contrast filters are discussed on the basis of dipolar encoded
longitudinal magnetization as well as double-quantum and triple-quantum coherences. The associated
contrast filter parameters were investigated by measurements of the line width in *H multiple-quantum
filtered NMR spectra, the dipolar encoded longitudinal magnetization decay curves, and the double-
quantum and triple-quantum buildup curves vs the extension ratio for a natural rubber band. Together
with stress—strain measurements these results allow for correlation of 'H residual dipolar couplings
with stress values in stretched natural rubber. Two-dimensional *H maps of stress distributions are
presented for a strained natural rubber band with a cut on one side based on dipolar encoded longitudinal
magnetization and double-quantum contrast filters. Parameter maps of the stress distribution are shown
following calibration with a sample from synthetic poly(isoprene). The advantages as well as the limitations
of the 'H NMR images as compared to 2H images of deuterated oligomers incorporated in elastomers are

also discussed.

Introduction

In recent years the potential of magnetic resonance
imaging’—2 in addressing problems in a wide area of
different fields, such as material and polymer science,
petrochemical research, plant science, and agriculture,
has been realized.*~® Molecular characteristics can be
explored with NMR methods, and the resulting NMR
parameters can be used for contrast in NMR images.”—°
Especially, for the important class of materials repre-
sented by elastomers, knowledge about segmental
orientation and polymer chain dynamics is essential for
understanding their macroscopic properties.’® Diverse
applications of NMR imaging in elastomers have ap-
peared in the literature.l! Topics addressed are phase
separation,’? selective determination of component dis-
tribution in multicomponent systems,® aging,121415
biodegradation,® water uptake,”18 morphology and
defect distribution,'®20 filler distribution,?! homogeneity
of cross-link density,22724 and stress-induced effects.25-28

Recently, spectroscopic 2H NMR imaging and double-
guantum (DQ) filtering have been compared by mapping
local strain distributions in stretched elastomers.?7:28
The first method is able to give information about the
local strain but requires an additional frequency dimen-
sion for spectroscopic resolution. The second approach
generates NMR images in short time, but the resultant
image is only a parameter-weighted image of the
residual quadrupole coupling with the spin density and
the transverse relaxation rate. The results show?”-?¢ that
DQ filtering of the 2H NMR signal is more sensitive for
the detection of small anisotropies than spectroscopic
imaging. Moreover, the 2H parameter maps were com-
pared to images of stress distributions that were simu-
lated by finite element matrix calculation.?”

Proton multiple-quantum (MQ) coherences, especially
DQ coherences, have been explored for the investigation
of residual dipolar couplings in elastomers like poly-
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(styrene-co-butadiene)?® and poly(isoprene).3%31 When
measured selectively for a given chemical structure
these dipolar couplings can be correlated with the cross-
link density distribution. Moreover, contrast filters for
NMR imaging of residual 'H dipolar couplings of elas-
tomers were introduced on the basis of dipolar encoded
longitudinal magnetization (LM) as well as double-
guantum and triple-quantum (TQ) coherences.3!
Two-dimensional parameter maps were reported rep-
resenting the space distribution of *H residual dipolar
couplings in a phantom made of poly(isoprene) with
different cross-link densities.3! Filtered images from
dipolar encoded LM and TQ show the highest resolution
and contrast, respectively. Furthermore, proton as well
as deuterium DQ-filtered NMR imaging has been ap-
plied to map molecular order in biological tissues.32:33

In this paper, we introduce 'H residual dipolar NMR
filters based on dipolar encoded LM, DQ, and TQ
coherences for stretched elastomers. The effect of uni-
axial stress on a natural rubber band is investigated
for dipolar encoded LM decay curves, DQ, and TQ
buildup curves as well as for the line width of spin
multipole (LM, DQ, and TQ) filtered 'H NMR spectra.
These quantities are needed for the adjustment of the
dipolar filters used for obtaining 'H parameter maps of
stress in strained elastomer bands made of natural
rubber. The advantages as well as the limitations of this
approach compared to the 2H NMR imaging of stress
in strained elastomers are also discussed.

Experimental Section

A. Samples. We have investigated commercially available
elastic bands made from natural rubber (NR). The reference
elastomer system used for calibration of stress parameter
images is based on synthetic 1,4-cis-poly(isoprene) (PIl). Ac-
cording to the specifications of the manufacturer, this elas-
tomer has a molecular weight M,, = 952 110 g/mol and a
molecular weight distribution My/M, = 4.35. The repetition
units are 97.5% cis-1,4-isoprene and 2.5% 3,4-isoprene. The
glass transition temperature Ty is about 210 K. Cross-linking
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Figure 1. (a) Schematic representation of the experiment for
excitation of spin multipoles in terms of dipolar encoded
longitudinal magnetization and multiple-quantum coherences.
This scheme is similar to that for two-dimensional MQ NMR
spectroscopy, but it is used with a fixed evolution time t;. (b)
The classical three-pulse sequence supplemented by 180°
refocusing pulses for measuring dipolar encoded LM and DQ
filtered NMR spectra with variable excitation and reconversion
times 7. The phase cycles used are different for LM and DQ
experiments. (c) The three-pulse sequence supplemented with
180° refocusing pulses for TQ coherence experiments with
variable excitation and reconversion times z.

was achieved by a radical mechanism. The initiator system
consisted of 40% dicumyl peroxide (DCP) on kaolin as a carrier
material (DICUP). For the reference Pl sample the DICUP
content expressed in phr (parts per hundred rubber) is 7.5.
The sample was vulcanized at 150 °C until 90% of the
maximum torque was achieved on the rheometer curve. Proton
residual dipolar couplings extracted from the short-time
regime of dipolar encoded longitudinal magnetization as well
as double-quantum and triple-quantum evolution vs excitation/
reconversion times provide the values D5} ~ 547 Hz, DS? ~
1412 Hz, and D} ~ 220 Hz.303

B. Measurements of *H Spin Multipoles. The measured
spin multipoles include longitudinal magnetization as well as
double-quantum and triple-quantum coherences and were
performed at a *H frequency of 200.085 MHz on a Bruker DSX-
200 spectrometer using a microimaging probe. The measure-
ments were done at room temperature (T = 293 K), which
corresponds to T ~ Ty + 80 K for the elastomers investigated.
The dipolar encoded LM decays and DQ buildup intensities
were recorded with the pulse sequence of Figure 1. It is based
on the general scheme (cf. Figure 1a) of multiple-quantum 2D
NMR spectroscopy.3*2®> The 180° radio-frequency pulses refocus
the chemical shielding interaction as well as the spin inter-
action with the magnetic field inhomogeneities. For filtering
spin multipoles phase cycling schemes were used in combina-
tion with CYCLOPS.? To select DQ coherences, the phases of
all pulses in the excitation period were cycled in four steps of
90° increments together with a 180° phase change of the
receiver phase. This phase alternation was implemented also
for the DQ filtered images (see below). For dipolar encoded
LM signals the receiver phase was kept unchanged. The TQ
coherence buildup intensities were measured using the same
pulse sequence as in Figure 1b but with a 90° phase shift of
the last 90° pulse in the excitation period (cf. Figure 1c).2° The
90° pulse length for measuring dipolar encoded LM decay
curves DQ and TQ buildup curves was 2.52 us and t; = 10 ms
(LM), t; =100 us (DQ), and t; = 50 us (TQ). In all experiments
the excitation and reconversion times were varied in the range
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Figure 2. (a) General scheme for recording images weighted
by residual dipolar couplings. (b) Three-pulse sequence with
180° refocusing pulses for filtering according to dipolar encoded
LM or DQ coherences followed by a z filter and space encoding
by two-dimensional spin-echo imaging.

from 2 us to 4.6 ms. For the spin multipole investigation, the
elastic natural rubber bands were stretched using a home-
built device adapted to the NMR probe that allows draw ratios
A = l/lp up to about 4 = 4, where | and |y are the final and
initial sample lengths. The samples had a thickness of about
1 mm in the unstretched state.

C.H NMR imaging. Proton two-dimensional (2D) LM- and
DQ-filtered images encoded by the local strain were recorded
with the pulse sequence shown in Figure 2. The principle of
the method is based on a combination of a spin response
encoded by the residual dipolar couplings and an NMR
imaging technique.?3! The pulse sequences used for recording
LM, DQ, and TQ spin multipoles (cf. Figure 1b,c) have been
modified by appending a final flip-back 90° pulse. The subse-
quent dephasing period of duration t, at the end of the dipolar
filter form an additional z-filter. The subsequent space encod-
ing was achieved by spin-echo imaging.*~2 The microimaging
unit employed a home-built gradient coil system. The maxi-
mum achievable gradient strength was approximately 93 mT/
m. The gradient was stepped through 64 gradient values. In
all images the spatial resolution was about 300 um in both
directions with a field of view of about (20 mm)2. The 90° pulse
length was 33 us. A recycle delay of 1.5 s was used in all
experiments. The evolution time was fixed to t; = 10 ms and
t; = 100 us for the images recorded with the LM and the DQ
filters, respectively. The filter times were set to 7 = 0.7 ms for
the dipolar encoded LM filter and 7 = 0.5 ms for the DQ filter.
In all cases the space encoding 7i time was 0.8 ms. The total
duration for acquisition of one filtered 2D image was on the
order of 5 h.

D. Mechanical Characterization. Stress—strain meas-
urements of the natural rubber band were performed by a
Zwick 8122/500N device at a temperature of 20 °C. The meas-
ured data were fitted by the phenomenological expression

3 .
_ % oi—1 _ 9—(ai/2)—1
o= ) A ) 1)
=t Q

due to Ogden® yielding the parameters a; and wi. Within
experimental errors the values of these parameters agree with
those reported in ref 26. A graphical representation of the
stress—strain data is shown in Figure 3.

Results and Discussion

A. H Multiple-Quantum Filtered NMR Spectra
in Natural Rubber under Uniaxial Stress. The
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Figure 3. Stress—strain data of the natural rubber band. The
solid line connecting the data points was drawn to guide the
eye.
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Figure 4. Filtered *H NMR spectra of a natural rubber band.
Single quantum (SQ) (a), DQ (b), and TQ (c) filtered spectra
are shown for an extension ratio A = 1 (inner spectra) and for
A = 3.7 (outer spectra).

proton multiple-quantum filtered NMR spectra of natu-
ral rubber shown in Figure 4 were recorded using the
pulse sequences of Figure 1b,c. The NMR absorption
spectra after a single radio-frequency pulse (hereafter
called single-quantum (SQ) spectra) were recorded for
the relaxed (1 = 1) and the stretched (1 = 3.7) NR band
(cf. Figure 4a). The proton DQ and TQ filtered NMR
spectra shown in Figure 4b,c were recorded with the
same values of 1 as the SQ spectra.

Several features are evident from these spectra. First,
all spectra are broader for 1 = 3.7 compared to the
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Figure 5. (a) Full width at half-height measured from SQ
(squares), DQ for r = 400 us (circles) and = = 100 us (triangles),
and TQ filtered 'H NMR spectra (diamonds) vs the extension
ratio A of a natural rubber band. Straight lines are drawn
through the points to indicate that the trends in the data differ
for lower and larger values of the uniaxial extension.

relaxed state. Moreover, no line splitting is evident for
the maximum draw ratio of 2 = 3.7 used in this study.
This fact was reported previously3” and is different from
2H spectra where a clear line splitting was measured
showing a dependence governed by the (A2 — A71) law.38
This effect is related to the existence of a dipolar
network along the polymer chain for the values of 4
around unity. For larger values of A the interchain
dipolar interactions between protons have also to be
taken into account. Moreover, for NR the chemical shift
difference between methylene and methyl protons is
small (6 ~ 0.5 ppm), and the dipolar patterns produced
by these functional groups start to overlap. The distri-
bution of chemical shifts produced by conformational
effects®® will also contribute to the overall line width.

The editing features of the DQ and TQ filtered
spectra®® are essentially preserved under moderate
stretching. For the DQ case the spectrum is shifted in
the methylene spectral region (cf. Figure 4b), and for
the TQ edited spectrum it is shifted into the 'H methyl
region (cf. Figure 4c). The CH3 group editing by the TQ
filter is not perfect, and a signal from the CH functional
group which contributes to the intergroup TQ coher-
ences is also detected in the spectrum of Figure 4c for
the relaxed sample. Dipolar broadening of the TQ edited
spectra in the presence of mechanical stress leads to a
loss of this feature (cf. Figure 4c).

B. Line Width of IH Multiple-Quantum Edited
NMR Spectra under Uniaxial Stress. The full widths
at half-height (fwhh) for the SQ, DQ, and TQ edited 'H
NMR spectra for the NR band vs the extension ratio 4
are shown in Figure 5. Within the limitation of the
experimental error no hysteresis effects have been
detected. The fwhh for DQ and TQ edited spectra are
about 60% of the fwhh of the SQ spectra for the relaxed
NR sample and depend on the excitation/reconversion
times 7. The presence of 1H spin diffusion processes for
the segmental protons is suggested by the fact that the
fwhh for the DQ spectra recorded with 7 = 100 us is
reduced by about 20% compared to the fwhh of the DQ
spectra recorded with 7 = 400 us.

The dependence of the fwhh on the extension param-
eter A shows the existence of two regions (cf. Figure 5).
For SQ spectra, the fwhh data exhibit a steeper curve
for 1 > 2.2 as compared to the fwhh for A < 2.2. The
same behavior was observed for the fwhh data mea-
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Figure 6. Proton dipolar encoded LM decay curves (a), DQ
(b), and TQ (c) buildup curves of the natural rubber band
recorded for different values of the extension ratio 4.

sured from DQ and TQ edited spectra, but the point of
inflection is now shifted to 4 ~ 1.8. This effect was
reported before3” from the measurements of the H
second van Vleck moments in NR, using a combination
of spin echoes, from which a point of inflection at 1 ~
1.8 was detected. This effect can be explained by the
stress-induced crystallization.*® Moreover, the approxi-
mately linear relationship between the second moment
of the orientation function obtained from Fourier-
infrared measurements of the dichroism proved to be
valid in the range 1 < 4 < 4. It is significantly enhanced
with strain.*! This proves the high segmental alignment
under extension in the crystalline phase.

C. 'H Residual Dipolar Couplings from the
Excitation Time Dependence of the Spin Multi-
poles. Proton dipolar encoded LM decay curves as well
as DQ and TQ buildup curves are shown in Figure 6
for the NR band with different values of the extension
ratio up to A = 3.7. The topologies of the residual dipolar
couplings are edited differently by the analysis of the
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Figure 7. Initial decay of the *H dipolar encoded LM curves
of Figure 6a vs 72 for three values of 1. The initial time behavior

of the dipolar encoded LM decays exhibits a linear dependence
in 72 (solid lines).
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Figure 8. Ratio D} .«(1)/Dj (1) Vs extension parameter A for
k = LM (squares) and k = DQ (circles). Straight lines are
drawn through the points to indicate that the qualitative
trends in the data differ for lower and larger values of the
uniaxial extension. The slopes of these curves change in the
range 1.6 < 1 < 2.2.

initial regime of the excitation/reconversion times vs 7
for the different spin-multipole filters.® Normalized LM
decay curves vs 72 shown in Figure 7 exibit a linear
initial decay from which the square of the 1H effective
residual dipolar couplings DﬁM,eﬁ(/l) can be measured.*°
The DQ buildup curves (cf. Figure 6b) were fitted
with a polynomial up to the sixth power in t (not
shown). From this fit the polynomial coefficient of
the 72 term provides the effective residual dipolar
coupling DZDQYeﬁ(/l). The normalized squares of the
effective dipolar couplings, i.e., D} (4)/D} (1), where
i = LM and DQ are depicted in Figure 8 vs the extension
parameter A. The straight lines connecting the points
reveal the existence of two distinct processes in agree-
ment with the measurements of the fwhh (cf. Figure 5).
These curves are used (see below) for obtaining stress
parameter images of the stretched NR band. The
theoretical prediction of the 1 dependence of the
D7 (A)/D (1) ratios is beyond the scope of the present
work.

D. 'H NMR Mapping of Stress in Strained Elas-
tomers. (a) Contrast Filters from Residual Dipolar
Couplings. Contrast filters can be developed using the
NMR techniques employed to measure the residual
dipolar couplings.3! The pulse sequence used in this
work is presented in Figure 1b, where the evolution
period can be chosen in the initial excitation time
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regime. Dipolar encoded LM as well as DQ coherences
can be employed as is demonstrated by the decay curves
and buildup curves shown in Figure 6. From these
figures, it is obvious that the applied filter function is
highly nonlinear in the excitation/reconversion time t.
For instance, for the LM case with 7 values in the initial
excitation regime (cf. Figure 6a) the filtered signal
decreases nonlinearly but monotonically with increasing
extension ratio A. However, a different order is followed
in the case of the DQ filter if the parameter 7 is set at
the maximum of the buildup curves for the largest
elongation 4 (cf. Figure 6b). It can be seen that the
signals for lower strain values decrease again nonlin-
early in the A parameter. The contrast can be inverted
if the 7 value is set to the signal maximum for the
relaxed sample (cf. Figure 6b for A = 1). Moreover, it is
evident from the DQ buildup curves of Figure 6b that
the sensitivity to the stress values is different for these
7 values, being higher for the latter case. This effect is
due to the fact that the DQ buildup curves are generated
by the excitation of the DQ coherence in competition
with high-order multiple-quantum coherences and trans-
verse relaxation of coherences. These quantities are
affected by the changes in the residual dipolar couplings
as a result of increased segmental order induced by
uniaxial mechanical stress.

The above results demonstrate that NMR filters based
on residual dipolar couplings can be implemented for
strain contrast in NMR images using dipolar encoded
LM decays and DQ (or TQ (cf. Figure 6c)) coherence
buildup curves. LM decays are expected to provide the
highest signal-to-noise ratio and consequently the high-
est resolution in NMR imaging.? The strain contrast
generated from 'H residual dipolar couplings in the
initial excitation time regime of LM and DQ buildup
curves is about the same. The highest strain contrast
can be achieved by the TQ buildup curves (cf. Figure
6c). The contrast enhancement has been shown for a
TQ image of a polyisoprene phantom with a spatial
distribution of cross-link density.3! The superior con-
trast can be understood by considering the initial
excitation time regime where the buildup rate of the
TQ signal is proportional to Dineﬁ(/l) compared to the
LM and DQ filters where the rates are proportional to
Dfu.e(d) and D3 (1), respectively. Nevertheless, the
signal-to-noise ratio for TQ filtered NMR signals is
much weaker than that for LM and DQ signals. Hence,
NMR images of lower quality are obtained.3! Therefore,
only 'H strain maps with LM and DQ filters are
discussed below.

(b) Dipolar Encoded Longitudinal-Magnetiza-
tion and Double-Quantum Filtered 'H Maps of
Stress. The possibility to perform H NMR mapping of
the strain distribution in elastomers was demonstrated
on a natural rubber band stretched to 4 = 3.7 in the
direction of the main magnetic field. The band has a
cut at one side. This arrangement deliberately induces
an inhomogeneous strain distribution for the purpose
of demonstration. Moreover, this arrangement is similar
to the one used for 2H NMR mapping of stress in
strained natural rubber, and thus the two approaches
can be directly compared.?”:28

A two-dimensional (2D) 'H image was recorded using
the pulse sequences presented in Figure 2b, which
consists of a residual dipolar coupling filter and spin-
echo space encoding.1~2 By suitable phase cycling either
the dipolar encoded LM or DQ spin system response can
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be selected for contrast.3! T,-weighted images!—3 were
recorded using the same pulse sequence but without the
contrast filters. The spatially distributed signal is given

by

o - 2(7; + 1)
Sse(T52(7; + 7)) 0 My(T) expy — BYGR )

where My(T) is the spin density at the position T in the
sample and T(r) is the space dependent transverse
relaxation time. The time interval between the 90° pulse
and the spin-echo maxium is 2(r; + 7), where 7 is the
time for excitation and reconversion and 27; is the total
echo time used for space encoding (cf. Figure 2b). The
same total transverse relaxation encoding time has been
assumed in the pulse sequence used for recording the
images with contrast from residual dipolar couplings
(cf. Figure 2b).

For the images recorded with LM and DQ contrast
filters the spatially distributed signal is given by

Sk(F;2(z; + 7)) O My(F) Fi(F,Dy er,7) X

exol — 2(; + 1) @)
|7 .M

where k = LM or DQ depending on the detected spin
multipoles, and Fy(7,Dkefr,7) IS a spatially distributed
function of the residual dipolar coupling. The residual
dipolar coupling (RDC) parameter map can be obtained
by correcting for the effects of spin density and trans-
verse relaxation by dividing the filtered image by the
spin-echo image. From egs 2 and 3 we get a quotient
map

SRPY(T;7) O Fy(F,VDy e 7) (4)

which describes a longitudinal-magnetization (k = LM)
or a double-quantum (k = DQ) residual dipolar coupling
parameter map. Such a map can be quantified using
different procedures. One possibility is to record various
images with different values of the r parameter equiva-
lent to measuring spatially distributed LM decay or DQ
buildup curves. In the short excitation/reconversion
regime it is possible to evaluate residual dipolar cou-
plings.3031 A less time-consuming method can be imple-
mented using a homogeneous reference elastomer sample
with known residual dipolar coupling for calibration.
LM, DQ, and T,-weighted images have to be recorded
which show both the reference and stretched rubber
band (see below). The calibration procedure can be used
in the initial excitation/reconversion regime where the
intensities of the signals are proportional to the square
of the residual dipolar couplings.3

Experimental 'H images recorded using LM and T,
weights are presented in Figure 9 for a strained rubber
band with a single cut at A = 3.7 and a reference sample
of cross-linked poly(isoprene). For the reference sample
the residual dipolar coupling of the complex proton
dipolar network has been determined from dipolar
encoded LM as Dy er &~ 547 Hz.%° The contrast in the
LM filtered image (cf. Figure 9, top) is slightly larger
than in the Tz-weighted image (cf. Figure 9, middle).
Given the same total transverse relaxation time, this
is a result of the influence of the residual dipolar
couplings on the LM decay and the Hahn echo ampli-
tude, bearing in mind the effect of residual dipolar
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Figure 9. Two-dimensional 'H NMR images of a strained
natural rubber band at 1 = 3.7 with a single cut weighted by
residual dipolar couplings using the LM filter (top) and a spin-
echo filter (middle). A stress parameter map (bottom) is
obtained by forming the quotient of the LM filtered and the
spin-echo images. A calibration of this map is done with the
help of a reference sample of synthetic poly(isoprene) shown
on the right-hand side in each image. The gray levels were
reduced in the bottom map to enhance the contrast.

couplings is not encoded in exactly the same way for
the LM decay and the Hahn echo amplitude. The
highest strain is located at the center of the cut, which
is clearly represented by the signal intensities in Figure
9. Furthermore, an increase of signal intensity is
exhibited in the two lips of the cut, where no increase
of strain is expected on account of the sample shape.
The intensity of the signal in these regions is similar to
that of the relaxed poly(isoprene) reference sample. The
LM quotient map is represented in Figure 9 (bottom).
There, a “butterfly”-shaped distribution of strain in the
areas surrounding the cut can clearly be identified. The
gradient of the strain is also visible in the central region
of the cut. The quotient map is a parameter map of the
two-dimensional distribution of the stress parameter o.
This calibration with ¢ was obtained in two steps. In
the first step, parameter maps (not shown) of the 'H
residual dipolar coupling of the strained rubber band
without a cut with a small piece of synthetic poly-
(isoprene) as an internal reference were recorded for
various extension ratios A. The reference sample is
needed in order to get the residual dipolar couplings of
the strained rubber band.3%3! In the second step the
residual dipolar coupling map was converted into a
stress map by using the dependence of D7 ,,(1)/D? (1)
on the draw ratio A from Figure 8 and the stress—strain
data from Figure 3. The effective value of the residual
dipolar coupling D_um(1) ~ 547 Hz was reported in refs
30 and 31. For each value of DﬁM(/l) and corresponding
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Figure 10. Two-dimensional *H NMR images of a strained
natural rubber band at 1 = 3.7 with a single cut weighted by
residual dipolar couplings using the DQ filter (top) and a spin-
echo filter (middle). A stress parameter map (bottom) is
obtained by forming the quotient of the DQ filtered and the
spin-echo images. A calibration of this map is done with the
help of a reference sample of synthetic poly(isoprene) shown
on the right-hand side in each image. To better distinguish
the unstretched reference sample which should have the gray
scale level corresponding to o = 0 from the black background,
we arbitrarily enhanced the intensity of this part of the map
to the level corresponding to o = 0.4. Moreover, the gray levels
were reduced in the bottom map to enhance the contrast. The
low value of the signal-to-noise ratio makes these procedures
necessary.

stress o a level of the gray scale was attached. An
equivalent procedure would be to employ the strain
dependence of the full width at the half-height of the
1H spectra from Figure 5. The LM filter setting and
calibration procedure allow for a semiquantitative evalu-
ation of the stress map.

1H DQ filtered image recorded with the pulse se-
guence of Figure 2b is shown in Figure 10 (top). The
resolution is lower compared to the LM filtered image
(cf. Figure 9 (top)) because the signal-to-noise ratio of
the DQ signal is lower. Nevertheless, the differences
between strained and relaxed regions of the cut are
clearly visible. The encoding by the transverse relax-
ation is dominant in the image as can be seen by
comparison with the spin-echo image (Figure 10, middle).
If the filter weight due to the residual dipolar coupling
dominated the intensities of the pixels, the region of the
strained cut would show the most intense signals. In
the quotient image of Figure 10 (bottom) the residual
dipolar coupling weight resulting from the DQ filter
defines the image contrast. Now, the most intense
signals are present in the central region of the cut where
the residual dipolar couplings are increased by the
mechanical stress as a result of segmental orientation.
The residual dipolar coupling filter was tuned in the
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initial excitation time region (see Figure 6b) where for
a given excitation time all buildup curves show an
increase in intensity with A. In the center of the cut a
stress gradient is revealed by the map (Figure 10,
bottom) in the direction perpendicular to the uniaxial
stress along the rubber band. The stress contrast is
reversed for the DQ parameter map compared to the
LM parameter map, reflecting the use of buildup and
decay curves as filters (cf. Figures 9 (bottom) and 10
(bottom)).3! The stress parameter map recorded by the
DQ filter was generated by the same procedure as that
used for the LM filter (see above). For the reference
sample of cross-linked poly(isoprene) the residual di-
polar coupling of the complex proton dipolar network
has been determined from DQ buildup curves as
Dpoeff (1) ~ 1412 Hz.30:8¢

In principle, a TQ contrast filter can be also used for
recording stress encoded maps using procedures similar
to the ones discussed above. Because the TQ filtered
signal is almost 2 orders of magnitude smaller than the
single-quantum signal,3® we have been unable to pro-
duce a high-quality TQ image for the strained rubber
band. Nevertheless, such a 1H image was reported for
a phantom composed of sections of synthetic poly-
(isoprene) with different values of cross-link density.3!
Moreover, it was not possible to obtain a DQ gradient
encoded image? of good quality. Nevertheless, this
procedure proved to be successful for the 2H DQ encoded
images of deuterated poly(butadiene) oligomers incor-
porated into an elastic rubber band.2’.28 A possible
explanation is based on the short transverse relaxation
times of IH DQ coherences for a multispin dipolar
topology as compared with 2H DQ coherences. In the
last case DQ coherence is a total spin coherence343>
being less sensitive to the fluctuating quadrupole inter-
actions.

Conclusions

Measurements of H residual dipolar couplings vs the
extension ratio have been performed in a strained
elastomer using NMR filters based on spin multipoles
like dipolar encoded longitudinal magnetization as well
as double-quantum and triple-quantum coherences.
Parameters extracted from the decay and buildup
curves as well as the 1 dependence of the full width at
half-height of the SQ, DQ, and TQ edited spectra show
the existence of a stress induced crystallization process.
Moreover, they are employed for calibration of the
experimental data to provide stress parameter maps.

The results of this work underline the benefits of H
NMR imaging for the analysis of stress—strain effects
in elastomers. The use of residual dipolar couplings of
protons as a physical quantity sensitive to the segmental
orientation in the presence of inhomogeneous strain
distributions in elastomers has several advantages.
First, the tedious synthesis of deuterated networks or
the use of deuterated oligomers incorporated into the
network by swelling can be circumvented. Second, the
network is not modified by swelling. The potential
modulation of the NMR signal encoding by the self-
diffusion of the incorporated oligomers is avoided. This
effect could be enhanced by the multiplicative action of
the MQ coherence order on the strength of the applied
field in the presence of a multiquantum evolution like
in the case of 2H images.?”28 Moreover, the 'TH NMR
detection sensitivity is much higher compared to that
of 2H, which substantially reduces the measuring time
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or improves the image resolution. In particular, the use
of the dipolar encoded longitudinal magnetization filter
leads to images with better contrast, compared to those
obtained by 2H DQ gradient encoding. Nevertheless, 2H
spectroscopic images can be recorded revealing quad-
rupole splittings and thus allowing for a strain calibra-
tion of the image pixels.2"28 This procedure cannot be
applied for the H images recorded using the NMR lines
of static samples broadened by the multispin dipolar
interactions such that no line splitting can be detected.
The measured 'H segmental residual dipolar couplings3®
and 2H quadrupole couplings?”-28 of swollen oligomers
seem to be of the same order of magnitude for the
investigated elastic rubber band. Thus, the sensitivity
to the strain is expected to be comparable. In the initial
time regime for the 'H residual dipolar filters the LM
and DQ parameter maps show about the same sensitiv-
ity to the local strain.

The dipolar filters discussed above can be used in
combination with three-dimensional (3D) images of
polymeric materials of both space distributed chemical
and physical composition. Three-dimensional images of
commercial polymer products revealing strong hetero-
geneities were reported,*? and the contrast of these
images is expected to be enhanced by the dipolar filters.
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