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Analysis of Polymer Materials by Surface NMR via the MOUSE
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Applications are discussed of a novel NMR device, the NMR A similar approach can be found in (5). The advantage of
MOUSE (mobile universal surface explorer) , for characterization this concept is that restrictions of the sample geometry no
of polymers. Different properties of elastomers can be related to longer exist. However, the sensitive volume is restricted to
an effective transverse relaxation parameter T2eff . Effects of multi- regions near to the surface of the object under examination.
echo sequences influence the decay curve and can be described in It depends on the B0 and B1 distribution and is therefore
terms of B0 inhomogeneity and spin-lock effects. Furthermore, the

determined by the geometry of the B1 coil and of the perma-signal-to-noise ratio (S /N ) can be improved by use of steady-
nent magnets. The design of the probe can be adjusted tostate free precession (SSFP) pulse sequences modified for use in
different applications. For the measurements presented hereinhomogeneous magnetic fields. q 1998 Academic Press

we used a carrier frequency of 17.5 MHz and a coil geometry,Key Words: polymers; surface NMR; NMR MOUSE; inhomoge-
which selects a volume of about 9 1 4 mm in plane and 0.5neous fields; nondestructive testing.
mm in depth. Further details are published in (4).

INTRODUCTION NMR RELAXATION PROBED BY
INHOMOGENEOUS FIELDS

NMR has been shown to be a powerful method for the
investigation of elastomers (1) . Relaxation parameters, as The given inhomogeneities of B0 and B1 require reexami-

nation of well-known pulse sequences and development offor example T2 and T1r , are sensitive to fluctuations in a
frequency range of a few kilohertz, which is typical for slow new pulse sequences. The aims are an improved understand-

ing of the origin of the measured signal, a reduction ofmolecular motions. This is also the frequency range where
molecular motion is directly related to the mechanical prop- measuring time for efficient in situ measurements, and an

optimization of the signal sensitivity toward changes in ma-erties of elastomer materials (2) . In 1H NMR, the most
important interaction, which is modulated by molecular mo- terial properties. Because of the importance of the dipolar

couplings for characterization of elastomer properties, Hahntion, is the dipolar coupling. It has been shown that, for
example, differences in cross-link density, temperature, pres- echo, solid echo, and their multiecho versions (CPMG (6)

and OW4 (7) , respectively) were applied to samples withsure, strain, and aging processes can be monitored by T2 and
T1r (3) . These relaxation times are also used as contrast nominally different cross-link densities. The difference be-

tween the pulse sequences is the refocusing of interactionsparameters in NMR imaging of elastomers (1) .
The sensitivity of relaxation parameters to material proper- bilinear in spin operator I , for example, of homonuclear

dipolar interactions, by a p /2 pulse, while a p pulse refo-ties allows a modified approach with respect to NMR im-
aging: The intrinsic relaxation parameters depend on magnetic cuses only magnetization dephasing from interactions which

are linear in I , for example, chemical shift and field inhomo-field strength, but not on the homogeneity of B0 and B1 within
certain limits. Instead of using the highly homogeneous mag- geneity effects.

Results of the corresponding multiecho sequences arenetic fields as in conventional NMR spectroscopy one can
perform relaxation measurements in inhomogeneous fields, shown in Fig. 1, where the dependence of the effective relax-

ation time on the pulse length is examined. In contrast towhich can easily be realized by one-sided permanent magnets
and surface coils. Such an NMR device is the NMR MOUSE conventional NMR, the flip angle depends on spatial coordi-

nates due to the field inhomogeneity for a given pulse length.(4). In contrast to conventional NMR where the probe sup-
plies only the RF magnetic field B1 , the MOUSE probe con- A defined flip angle therefore exists only within a sufficiently

small volume element. Thus we define the pulse length re-sists of two permanent magnets with anti-parallel magnetiza-
tion, producing the B0 field parallel to its surface. For B1 sulting in zero signal as p pulse, and when obtaining maxi-

mum signal the pulse length is referred to as a p /2 pulse.irradiation, a surface coil is mounted in between the magnets
which generates a magnetic field perpendicular to the surface. The echo sequences can be described as ux– (t–2uy – t)n
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exact measurement of the microscopic relaxation rate, as
long as a functional relationship between the mechanical
properties of an elastomer and the measured effective T2

value can be established. In addition, industrial samples can
show large inhomogeneities below the spatial resolution
limit of NMR. Therefore, experimentally determined NMR
relaxation times can be spatial averages, which are defined
by the experimental setup, and do not necessarily represent
relaxation times for microscopically homogeneous volume
elements.

Figure 1 shows that the intrinsic distribution of relaxation
times due to the B1 inhomogeneity is smaller than that in-
duced by pulse angle variation on the spectrometer. This
result demonstrates that despite inhomogeneous B0 and B1

fields relaxation measurements are relatively well defined.
The dependence of the effective T2 on the flip angle can

FIG. 1. Effective T2 relaxation times of an unfilled SBR sample ob- therefore be explained by the partial averaging of the dipolar
tained from measurement of multiecho trains as a function of pulse length. coupling by the refocusing pulses and consequently allows
(s) Only the preparation pulse (nominal p /2 pulse) is varied. The depen-

the discrimination of different interactions like chemicaldence of T2 on the flip angle (expressed by pulse length) is quite weak.
shift and field inhomogeneity on one side and dipolar cou-(l) Relaxation times obtained by varying both preparation and refocusing

pulses. A strong dependence on the nominal flip angle is observed. The pling on the other.
minimum of T2 corresponds to the best approximation to a p /2– t– p echo In addition to the influence of dipolar coupling on the
sequence (p /2 Å 2.25 ms) . echo decay, an effect of the inhomogeneous magnetic fields

can be observed. In Fig. 2, the amplitudes of the first few
echoes are shown, normalized to the amplitude of the first
echo. Instead of an intensity decrease due to T2 relaxation,and ux– (t– uy – t)n for multiple Hahn and solid echoes,

respectively. Two experiments were performed: The open first an increase is found which strongly depends on the flip
angle and on the echo time (not shown here) . The shortercircles represent relaxation times obtained by varying only

the angle u of the excitation pulse, which is expressed by the flip angle, the more pronounced is the increase of the
echo amplitude. Also the maximum intensity occurs at dif-the pulse length. The refocusing pulse 2u was adjusted to a

value near p, which amounts to about 4.5 ms. Within the ferent echo numbers, but is nearly independent of the echo
time. This observation is rather unusual from the point ofexperimental error, almost no flip angle dependence is ob-

served. However, changing both pulse lengths simultane-
ously reveals a strong dependence of the effective T2 relax-
ation parameter on the flip angle which can be assigned to the
different properties of the refocusing pulse by comparison of
the two measurements.

Because of the inhomogeneous B1 field an intrinsic flip
angle distribution must be considered in addition to the in-
duced variation of the pulse length in the experiment. As a
consequence, partial averaging of the dipolar interaction is
spatially dependent. Figure 1 shows that a strong dependence
of the echo-decay time on the pulse length of the second
pulse exists. The question arises whether the flip angle de-
pendence is due to an averaging of the dipolar interaction
or due to imperfections of the experiment, for example,
changes in the sensitive volume. Different authors have
shown that in the case of much less inhomogeneous fields
an intrinsic flip angle dependence of the relaxation parameter
in a multiecho sequence exists (8–10) . Even more, phase

FIG. 2. The initial increase of the echo amplitudes (normalized to theglitches and field inhomogeneities leading to highly imper-
amplitude of the first echo) strongly depends on the flip angle. A comparison

fect pulses do not allow for a physically accurate determina- of these data with calculations of the OW4 sequence for STRAFI conditions
tion of the relaxation parameter T2 a priori. However, moni- (solid line) shows good agreement and leads to the conclusion that the effect

is mainly due to the B0 inhomogeneity, i.e., the magnetic field gradient.toring differences in material properties does not require the
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the effective relaxation times on the pulse distance t bears
similarity to the magnetization behavior in an effective spin-
lock field as observed in classical NMR. Preliminary experi-
ments using conventional spin-lock sequences support this
interpretation. Spin-lock effects can in principle be avoided
by using phase alternating multiecho sequences as, for exam-
ple, MLEV-n (12) . The main feature of these pulse se-
quences is the fact that the phase difference between refocus-
ing pulses always amounts to 1807. This leads to different
dephasing behavior of Mx and My magnetization components.
Strong modulation of the echoes occurs, which gives rise to
rapid signal loss and consequently low sensitivity as also
observed in STRAFI experiments (11) .

As shown for example in (10 ) , this behavior can in
principle be avoided by applying a series of pulses withFIG. 3. Apparent spin-lock effect in a CPMG experiment. The different

slopes of the decays reflect the different effective spin-lock fields produced 907 phase shifts ( for example, XY-16 sequence: refocusing
by a variation of the echo time 2t. pulses xyxy yxyx –x–y–x–y –y–x–y–x ) , resulting in de-

cay times comparable to those obtained by a CPMG se-
quence in homogeneous fields. Results of CPMG and XY-
16 measurements by the NMR MOUSE are shown in Fig.view of conventional NMR. However, we are dealing with

highly inhomogeneous B0 and B1 fields, leading to a distribu- 4. In this experiment, an SBR with a content of 1.25 phr
DICUP was used. Relaxation times deduced from magneti-tion of flip angles as well as of effective fields. The reason

for these findings is the evolution of the magnetization under zation decays are compared for CPMG and XY-16 echo
trains. Obviously, the inhomogeneities of B0 and B1 leadthe influence of the field gradient leading to strong spatial

modulation and interference of echo signals from different to flip angle variation and influence the time constants at
short echo times 2t. At longer echo times, the spin-lockvoxels. It should be noted that the sensitive volume changes

as a function of pulse length as well as the degree of mixing effect is less efficient (CPMG) as the effective lock field
is reduced. The relaxation times approach those obtainedof longitudinal and transverse magnetization which is the

reason for different modulation patterns of the transverse by XY-16 for long echo times. Note the independence of
the effective T2 for a wide range of t values for the XY-magnetization. This behavior is also found in stray-field im-

aging (STRAFI) experiments as far as B0 inhomogeneities 16 sequence. By comparison with the CPMG results for a
are concerned and was calculated for the OW4 sequence by
solving the Bloch equations for this particular case (11) .
The rotation of the magnetization vector is calculated in the
rotating frame, taking into account the spatial dependence
of the effective field. A comparison with the results by the
NMR MOUSE shows quite good agreement in the case of
the OW4 sequence (Fig. 2) . This agreement leads to the
conclusion that the B0 inhomogeneity is the main reason for
the initial increase of the echo amplitude. It is interesting to
note that a similar behavior is found despite the fact that
about constant B0 gradients are involved in STRAFI experi-
ments and nearly linear B0 gradients for the MOUSE.

Apart from the influence of B0 inhomogeneity an effect
comparable to the spin-lock effect in homogeneous fields is
observed. It can easily be demonstrated by varying the pulse
distance t, which is shown in Fig. 3 for the CPMG sequence
(nominal ux– (t–2uy – t)n) . The sample used in this experi-
ment was an unfilled, cross-linked styrene butadiene rubber

FIG. 4. Effective relaxation times T2 as obtained from CPMG and XY-(SBR) with a content of 0.75 phr DICUP (dicumylperoxide
16 sequences. At short echo times 2t, the differences between the twoon caolin; phr, parts per hundred rubber) . Note the t depen-
pulse sequences are obvious: Due to the pulse phases used in a CPMG

dence of the slope in the semi-logarithmic plot. This effect sequence, a spin-lock effect can be observed. For measuring T2 , the XY-
can be observed in the case of the OW4 sequence as well 16 sequence can be used at reasonable echo times. Note the convergence

of the relaxation times at long echo times.as in the case of CPMG pulse trains. The dependence of
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(13) , refocusing pulses were added to generate echoes,
which can easily be detected. Depending on the repetition
time t1 of the SSFP pulses, longitudinal as well as transverse
interferences can be observed. When t1 is reduced from
about 5T1 (Boltzmann equilibrium (BE)) to values on the
order of T1 (dynamic equilibrium (DE)), the S /N ratio can
be improved by a factor of about 2.5. For shorter t1 the
improvement is even more pronounced by exploiting trans-
verse interferences (factor 3 at least) .

The SSFP magnetization can also be used to acquire CPMG
echo trains. An example is given in Fig. 5 with the pulse
sequence (top) and the experimental data from an unfilled
cross-linked SBR sample (0.75 phr DICUP). While the first
echo decay starts from BE, the amplitudes of the following
echo trains are determined by the amount of SSFP magnetiza-
tion. Here, the decay times do not depend on whether starting
from BE or DE within experimental error. Thus, the decays
can be coadded for S /N improvement. However, if T1 differ-
ences arise within the sensitive volume or between different
samples, CPMG (starting from BE) and SSFP–CPMG de-
cays are no longer equivalent. This additional weighting can
enhance the contrast between samples.

A further example of using the SSFP magnetization is the
rapid measurement of T1 and T2 in one experiment (Fig. 6) .
In principle, T1 is measured analogous to saturation recovery:

FIG. 5. SSFP–CPMG pulse sequence and observed echo trains. The
first echo train starts from Boltzmann equilibrium (BE), whereas the fol-
lowing echo trains show the amount of SSFP magnetization. A monoexpo-
nential fit to the data reveals no systematic deviation of T2 when starting
from the dynamic equilibrium (DE).

given effective spin-lock field, the spin–lattice relaxation
time T1r in the rotating frame can be estimated.

SIGNAL-TO-NOISE IMPROVEMENT

Because of the low magnetic field strength and the use of
surface coils the S /N ratio of the NMR MOUSE is low
compared to conventional NMR in high magnetic fields, but
envisioned industrial and medical applications of the method
require short measurement times. In order to improve the S /
N ratio steady-state magnetization can be used (13, 14) .
Here, phase-alternated pulses are applied with a fixed delay
shorter than 5T1 . Consequently, a dynamic equilibrium is
established between excitation and relaxation. Depending on
flip angle and delay, different amounts of transverse and
longitudinal magnetization can be generated, which allows

FIG. 6. Rapid determination of the two relaxation parameters T1 andthe reduction of measurement time like the use of the Ernst
T2 . (Top) Pulse sequence. t1 is incremented in loop n for the measurementangle in high-resolution NMR (14) . Because of the strong
of T1 , whereas the T2 relaxation is measured via a CPMG echo train (loopmagnetic field gradient of the MOUSE the FID, which is
m) . (Bottom) Experimental demonstration. T1 relaxation is measured via

usually detected in such steady-state free precession (SSFP) steady-state magnetization from points 0 to 1249, which is proved by the
experiments, is too short to be observed. Instead of using acquisition of two consecutive echoes for each t1 . The CPMG echo decay

is displayed in the following points 1250 to 3000.only phase alternating u pulses to induce an SSFP signal

AID JMR 1282 / 6j25h$$342 01-06-98 07:57:12 maga



5CHARACTERIZATION OF POLYMERS BY NMR MOUSE

is found, while the decay curve can still be described by
M( t) Å M0(1 0 exp(0t /T1)) , where M0 is the Boltzmann
equilibrium magnetization. These findings are also observed
in the case of SSFP NMR experiments in homogeneous
fields and are described for example in (14) . The observable
SSFP magnetization Mx(0/) depends on the flip angle b as
well as on the ratio of the repetition time TR and the relax-
ation time T1 :

Mx(0/) Å M0(1 0 exp(0TR/T1))

1 (1 0 exp(TR/T1)cos b)01sin b. [1]

The SSFP magnetization described by Eq. [1] is shown in
Fig. 7b as function of TR/T1 for different pulse lengths. The
time constants which can be deduced from the simulated
recovery curves show the same general behavior as the ex-
perimental data. Therefore, we conclude that for measure-
ment of the T1 relaxation it is necessary to adjust the pulse
length to a plateau value.

APPLICATIONS

The methods discussed in the previous sections have been
applied for measurements of industrial samples by the NMR
MOUSE. As stated above, the effective relaxation time T2

reveals differences in the cross-link density, strain, and tem-
perature of elastomers (1–3) . In order to verify the results
by the NMR MOUSE, measurements were performed on
the same samples in homogeneous fields with a Bruker
DMX-300 spectrometer and compared to results obtained
by the NMR MOUSE. In Fig. 8 transverse relaxation times

FIG. 7. Pulse length dependence of the effective longitudinal relaxation
time. (a) Experimental recovery times as a function of pulse length (pulse
sequence in Fig. 6). A pulse length of about 1.8 ms corresponds to a p /2
flip angle as deduced from maximum intensity of the signal. (b) Recovery
curves for different pulse lengths. They depend on the ratio of repetition to
longitudinal relaxation rate under steady-state conditions and were calculated
by Eq. [1]. The deduced time constants clearly depend on the flip angle.

Depending on the delay t1 (Fig. 6 top), the magnetization
recovery is measured. Ensuring that DE is established, about
six dummy scans are included and also two following echoes
are digitized for each t1 (points 0–1249). The recovery
curve can be analyzed in terms of a usual saturation recovery
which was proved by direct comparison of the two experi-
ments. Subsequently T2 is measured by a multiecho sequence
(points 1250–2999).

FIG. 8. Dependence of the transverse relaxation times on the flip angleBecause of the inhomogeneity of B1 an intrinsic flip angle
for different DICUP contents (cross-link densities) . Note the overall agree-distribution may influence the recovery of magnetization. As
ment between measurements by the MOUSE at 17.5 MHz and under con-an intrinsic flip angle distribution can hardly be examined,
ventional NMR conditions (DMX-300, 300 MHz). The comparison suffers

the pulse length is varied to study its effect. The influence from a multiexponential decay as well as magnetization modulation in the
of pulse length on the recovery curve is quite pronounced case of the MOUSE (see also Fig. 2) and from different B0 fields for the

MOUSE and the DMX-300 spectrometer.(Fig. 7): For small flip angles, a reduction of the decay time
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are shown for unfilled SBR samples with different DICUP
contents. The cross-link density increases with increasing
DICUP content. The dependence of the effective transverse
relaxation time T2 on the flip angle and also the absolute
values are comparable on both instruments. Due to the intrin-
sic flip angle distribution, the dependence of the transverse
relaxation time T2 on the pulse length is weaker in the case
of the NMR MOUSE. However, the difference between the
two samples can clearly be detected also by the NMR
MOUSE, which is direct proof that mechanical properties
of elastomers can be monitored by relaxation measurements
with the MOUSE as already stated for conventional NMR.
The reason for different relaxation times is differences in
mobility of polymer chain segments. High mobility leads to
efficient averaging of dipolar interactions, leaving only a
residual dipolar interaction. It scales with the square of the

FIG. 10. Aging processes of PVDF in oil monitored by T2 . The reliabil-end-to-end vector between cross-link points in a rubber net-
ity of the method was examined by measuring two independently prepared

work (15) and is the main relaxation path for protons in samples at each aging temperature.
elastomers. Consequently the sample with higher cross-link
density (15 phr DICUP) exhibits a shorter T2 relaxation
time, i.e., a higher efficiency of dipolar relaxation.

DMX-300 a volume average over a bulk sample is taken,Apart from the possibility to vary the cross-link density
whereas the NMR MOUSE observes only the surface regionsvia variation of the cross-linker content, the cross-link den-
of the sample.sity changes with curing time. It first increases with increas-

Another application of the MOUSE is in monitoring theing curing times, which implies shorter T2 relaxation times,
aging processes of polymers. Polyvinylidendifluorine (PVDF)until it decreases as overcure sets in (1) . Measurements on
samples were heated in oil at different temperatures. Thean industrial series are compatible to this reasoning. Again,
associated aging process was monitored by measuring theresults by the NMR MOUSE display the same trend as those
relaxation parameter T2 at room temperature (Fig. 10). Aobtained by the DMX-300 spectrometer (Fig. 9): The vulca-
systematic dependence on temperature is observed. Two sam-nization process is finished after 10 min (specification by
ples independently prepared at each temperature were mea-the manufacturer) . The NMR data shown in Fig. 9 are in
sured in order to show the variance in sample homogeneity.good agreement with this statement despite the fact that the
The increase in T2 corresponds to enhanced molecular mobil-volumes under examination are different. In case of the
ity. Possible mechanisms for the increased mobility are chain
scissions with increasing probability at higher temperatures
and diffusion of oil into the samples. The oil could act as a
plastiziser and therefore enhance the T2 relaxation time.

In summary it is shown that the NMR MOUSE is suitable
for investigations of relaxation parameters in technical sam-
ples. Properties of elastomers like cross-link density and
aging of polymers can be monitored. Measurements of the
same samples by conventional NMR and by the NMR
MOUSE show comparable results. The signal-to-noise ratio
in MOUSE measurements is enhanced by use of a modified
SSFP sequence. Further investigations concerning the im-
provement of pulse sequences are in progress.
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