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The possibility of exciting and filtering various multipolar spin
states in proton NMR like dipolar encoded longitudinal magneti-
zation (LM), double-quantum (DQ) coherences, and dipolar order
(DO) in strongly inhomogeneous static and radio-frequency mag-
netic fields is investigated. For this purpose pulse sequences which
label and manipulate the multipolar spin states in a specific way
were implemented on the NMR-MOUSE (mobile universal surface
explorer). The performance of the pulse sequences was also tested in
homogeneous fields on a solid-state high-field NMR spectrometer.
The theoretical justification of these procedures was shown for a
rigid two-spin 1/2 system coupled by dipolar interactions. Dipolar
encoded longitudinal magnetization decay curves, double-quantum
and dipolar-order buildup curves, as well as double-quantum decay
curves were recorded with the NMR-MOUSE for natural rubber
samples with different crosslink density. The possibility of using
these multipolar spin states for investigations of strained elastomers
by NMR-MOUSE is also shown. These curves give access to quan-
titative values of the ratio of the total residual dipolar couplings of
the protons in the series of samples which are in good agreement
with those measured in homogeneous fields. © 2002 Eisevier Science
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1. INTRODUCTION

Recently, a mobile NMR surface scanner (NMR-MOUSE is
a trademark of RWTH, Peter 8ifiler and Bernhard Binich)
was developed for the nondestructive investigation of arbitrarily
large objects 14). The NMR-MOUSE is a palm-size NMR
device and is characterized by strong inhomogeneities il
the static and radio frequency magnetic field3. (Due to
these inhomogeneities the task to implement specific NMF
techniques is not trivial.

The aim of this paper is to investigate the possibility of excit-
ing multipolar spin states in strongly inhomogeneous fields usin
the NMR-MOUSE. These multipolar spin states or spin mode:
correspond mainly to longitudinal magnetization (LM) or po-
larization, multiple-quantum (MQ) NMR coherences, and spir
order (L6, 17 and references therein). The dipolar and quadrupo
lar states are conveniently described, especially for the last cas
by the irreducible tensor operatofs, of rank | and orderp
(see, for instance, Refl@)). For a dipolar coupled spin/2
pair or a quadrupolar nuclei with spin= 1, the irreducible ten-
sor operators 1, T2 42, and T, correspond to longitudinal
magnetization, double-quantum (DQ) coherences, and dipolz
order (DO), respectively. Recently, it was shown that for dipo-
lar coupled spins the multipolar LM state is encoded by the
dipolar interactions13). A spin multipolar state which is not
present for quadrupolar nuclei is the zero-quantum coherenc
(ZQ). Nevertheless, for isolated spinZl pairs with different
chemical shifts the selective excitation of one resonance ca

Over the past few years, several new NMR applications hagenvert DQ coherences into ZQ coherenck).(For obvious

been developed for use in strongly inhomogeneous static aedsons, this procedure cannot be applied in strongly inhomc
radio-frequency magnetic fields. Applications include materiadeneous magnetic fields. In a dipolar multi-spin network the
testing (-4), well logging for oilfield applications), and stray pulse sequences used for excitation of DQ coherences will als
field NMR (6). It has been shown that for protons various NMRxcite ZQ coherences and dipolar encoded LM. The response
parameters like 1(3), T2 (2, 7, 8, Ty, (2, 9), and self-diffusion the LM, ZQ, and DO to the phase cycling of rf pulses is the same
coefficients {0) can be measured under these conditions. Morgraking the separation of these states difficult. Nevertheless, |
over, van Vleck moments éH residual dipolar couplings can begeneral, the life times of DQ and ZQ coherences are very differ
measured from the accordion magic sandwich).(The possibil- ent from that of dipolar encoded LM and DO, which is related to
ity of exciting *H double-quantum (DQ) coherences in stronglthe spin—lattice relaxation tim& andTip, respectively. These
inhomogeneous fields was also show2)( extending the ap- features can be used together with other procedures for filterin
plication of this technique to elastomers3( 14 and ordered these multipolar spin states (see below).

tissues 15) in homogeneous fields. We must mention that in strongly inhomogeneous fields
the existence of a broad flip-angle distribution of rf pulses
precludes the implementation of some filtration experiments
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For instance, orientationally orderé@Na ions can be distin- 2. THEORY
guished from the bulk of sodium ions by means of a simpl o .
flip-angle effect in a DQ-filtered experimentd, 20. This 29.1. Excitation of Dipolar Encoded LM and DQ Coherences
effect will be present in just a few voxels of the sample for The most simple method to excite and detect MQ coherence
the NMR-MOUSE. Fortunately, there are other experimenéxploitstime reversal procedure (cf. Fig. 1a) like the nonselective
which work in the presence of strong field inhomogeneities. ABree-pulse sequenc2y, 26 or its variant presented in Fig. 1b.
an example, the Jeener—Broekaert experim2i), producing Here the duration of excitation and reconversion periods ar
multipolar states of dipolar or quadrupolar order, does netjual andthe efficiency in pumping MQ coherencesisincreasin
relay upon the flip-angle effect to suppress the unwanted sigimalthe initial excitation/reconversion time regime. A build-up
components 42-24). The required discrimination arises as &urve is recorded in this case for which a maximum is present a
result of the nominal 90pulse and the first nominal 4pulse a result of the competitive effects of pumping MQ coherence:s
having orthogonal phases. This phase condition can be fulfilladd transverse relaxation of single-quantum cohered@s (
for all the voxels in the sample in the presence of strongly We shall consider in the following the spin system response tc
inhomogeneous fields. Moreover, rf pulse phases well defintha pulse sequence of Fig. 1b used for the excitation of MQ co
over the sensitive volume enable one to use well establishegtences. The case of a rigid, magnetically equivalent, isolate
phase cycling proceduregy, 29 for filtering DQ coherences two spin-1/2 system will be treated excited by radio-frequency
and dipolar encoded longitudinal magnetization. pulses having well-defined arbitrary flip angles. This will allow
The paper is organized as follows: In Section 2 we present the the possibility to investigate the multipolar spin states whict
spin system response for a spif2pair to the pulse sequencesan be excited by NMR-MOUSE, i.e., in strongly inhomoge-
used for the excitation of dipolar encoded LM, DQ coherencaseous magnetic fields where a distribution of pulse flip angle:
and DO. To mimic partially, the inhomogeneities of magnetiexist. Nevertheless, the radio-frequency pulse phases are n
fields an arbitrary flip angle of rf pulses were considered. Unddistributed over the sample volume. They are the same for eac
these conditions the simultaneous excitation of various multiexel.
polar spin states was shown to be effective. The measurementshe spin system response for an isolated, magnetically equi
were performed on the important class of elastomer materiadgent two spin-12 system can be described by an equivalent
The experiments and samples are described in detail in Sectiogiadrupolar nucleus with spin= 1 (see forinstance, Re7)).
The effects of crosslinking and strain on the multipolar spidnder the action of the pulse sequence presented in Fig. 1b tt
states were investigated for natural rubber. These results @duced density operatercan be conveniently described at var-
presented in Section 4 and compared with the measui@ds moments of time in terms of the irreducible tensor operator
ments of multipolar states generated in homogeneous magn&tig The effect of partial refocusing by2f pulses (cf. Fig. 1b)

fields. will be neglected in the following, being not essential for the
a
excitation evolution reconversion detection
E >
T t, T To | time
b 20%; 4 29"; 20°; 20°,
0° a4 0% | 8% 0°, 0°, B AQ
1 | |
T t, T To T T] time

FIG. 1. (a)General scheme for filtering NMR signals according to dipolar encoded LM and MQ coherences. This scheme is similar to a two-dimension:
experiment but it is used with fixed evolution tinyeand variable, but equal, excitation/reconversion timeg) A five-pulse sequence with an arbitrary pulse
flip angled, supplemented by@2pulses for partial refocusing to measure dipolar encoded LM and DQ filtered signals with variable excitation/reconversion tir
The evolution time; is kept short and constant and@fulse (represented by a gray area) is applied at the middle of this interval for partially refocusing the L
coherences evolution under inhomogeneous Hamiltonians. This pulse is applied in alternative scans for dipolar encoded LM experinfidetsstepresented
by the las® pulse of the reconversion period and a free evolution period of duragiofhe detection in strongly inhomogenous magnetic fields is achieved by ¢
Hahn echo. The phase cycling schemes used in the experiments are listed in Tables 1 and 2.
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filtration of DQ coherences. Nevertheless, these pulses refocukM and DQ multipolar spin states can be filtered from the
the fast coherence decay of inhomogeneous nature, beingaher coherences and from each other by specific phase cyclir
sential for the success of the experiment. The experiment stathemes (see below). From Eq. [3] the density operators di
with the spin system exhibitirgpolarization, i.e.g (07) &« Ty 0. scribing LM and DQ multipolar spin states are given at the enc
After the action of the first hard pulse of excitation period by

o(07) o Tyoc0sh + Ty 1(S)SinG, [1] 3
oM (‘L'+) X T]_,o CO§9 — Tl,O S|n29 COS< éa)D‘[> [4]

where Ty 1(S) is the symmetric irreducible tensor operator of

Ty 11 defined asTy 1(s) = (1/v/2)[To1 + To, 1], (17). and

_Under the effect of truncated residual dipolar Hamiltonian

HY = &4T20, Wherewy is the preaveraged intra- and inter-

group dipolar coupling constant in elastomeé8#nd references opo(t™) o i+/2T,2(a) sir 6 sin (ﬁcﬁm), 5]
therein) the density operator at the end of the first free evolution ' 2

period of duratiorr (cf. Fig. 1b) is given by

respectively.
_ . 3_ . At the end of the reconversion period and thélter of du-
o(r7) o T1,0C0SH +1iT1(S) COS| 4/ ewpT ) SinG ration 7o (cf. Fig. 1) the LM and DQ encodex polarizations
can be evaluated using the procedure discussed above. Fina
+ V2T,4(a) sin \/ijT cosh. 2] the LM and_DQ filtered normalized signals originating from a
2 voxel are given by
where the antisymmetric combination of the irreducible tensor S, (70 + 21) 3
OperatorsT, .. s given byToa(a) = 5[Toy — Toal, (1710 (0420 gy sin49<c052 (ﬁaﬂ», (6]
Eq. [2] all the relaxation processes have been neglected. S 2
After the action of the second ¢ pulse (cf. Fig. 1b), the
density operator is given by and
. 3_ 70+ 2t _ _ 3_
o(t) o TLpcog 6 — Tyosirf o cos<\/;a)Dr) % o S|n49< sir? <\/;wpr>>, [7]

+ I§T1,1($) sin® + IETl,l(S) sin COS(\/ngT) respectively. In Egs. [6] and [7] the evolution of LM and DQ
multipolar spin states during thieperiod was neglected ang S
V2 . . 3_ is the SQ signal detected by a Hahn echo with a short echo tim
+ 5 T2a(@)sinP sin <\/ij1> Furthermore, the relaxation of coherences characterized by «
effective relaxation timé, ¢ during excitation and reconver-
+iV/2T () sir 6 sin <\/§50f>- [3 sion periods can be neglected for< T er. The symbok(...))
2 represents the averages taken over the orientation of spin-p:
internuclear vector and the statistics of the end-to-end vectol
Therefore, at the end of the excitation period dipolar encodéske, for instance, Refld)). In the case of the NMR-MOUSE,
and nonencoded longitudinal magnetizatidnd), dipolar en- Egs. [6] and [7] describe the signals originating from a partic-
coded and nonencoded single-quantum coherentegs]), ular sample voxel characterized by an rf pulse havimgfip
dipolar encoded antiphase single-quantum coherefigg&)), angle. The total, filtered signals can be evaluated as in Rgf. (
and dipolar encoded double-quantum coherenteg4)) have and the relevant part is given by an integral which inclirder
been excited. It is also evident that no dipolar order or zerala the space distribution of the flip angles. This integral car
guantum coherences are present. This fact is also valid fm@ performed numerically from given distribution of the static
DO in the case of dipolar coupled multi-spin systems @nd radio-frequency field¥) and is expressed by the symbol
qguadrupolar nuclei with > 1. Nevertheless, based on the se{...))s. From Egs. [6] and [7] one finally gets
lection rules valid for MQ NMR spectroscopyq, 26, 29,
30) ZQ coherences are excited by the nonselective three pulse
sequence for a dipolar network with the number of spinw o (co )y + (sin49)9<cosz <\/§50r>> [8]
N > 2.
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and sequence was adapted to the NMR-MOUSE sensor and it i
shown in Fig. 2. The scheme is similar to that used for ex-

So(t0 + 27) o (sin49)9<sin2 (ﬁ&Dr>>. [9] citation of LM and MQ multipolar spin states and possesses

S 2 preparation (sample polarization), excitation, evolution, and re

conversion periods (cf. Fig. 2a). The spin system response to tt

If the excitation/reconversion intervaisfulfill the conditions action of the pulse sequence of Fig. 2b can be evaluated und
wpt K 1, andr « Ty e the above equations can be approxithe same conditions as discussed in the previous section. Usir

mated by the relationship given in Ref1g) for the evolution of irreducible
tensor operators under the dipolar interaction and rf pulses w
Sm(to + 27) o (Co& )y + (sin ), (1 _ _<(wD)2>T2) can write for the density operator at the end of the excitatior
S 2 period
[10]
o(t%) o« Tyocos @/2) cosh + Ty1(a) sin @/2) cosd
and 3
+ Ty 1(S)sind COS<\/ja7Dt>
So(to + 2t . 3 _ ’ 2
% oc (sinf' 0) 3 (@p)*) T [11]
2
o _ - ii[«/éTz,o Sin? 0 —Tp.1(a) Sin(2) — T2,2(s) sirf 4]
The derivative of the LM decay curve and DQ buildup curve 2
taken over the variable? in this initial time regime yields . 3
a quantity related to the square of the total (inter- and intra- X SIn (\/jwof). (12]

functional groups) residual dipolar couplings of the elastomer

segments. _ It is evident that at the end of the excitation period, multipolar
_ For a mult|-_sp|n d|pola_r topology t_he effect of pumping DQspin states of LM, SQ, DQ, and dipolar order are produced. The
high-order spin correlations and high-order MQ c_oherenceot%t spin state is described by the irreducible spin opefter
leads to a more complex treatment as that described abqygse evolution period; is longer than the transverse relaxation
Nevertheless, the aboye equatlons are exp_ected to be valighifes of SQ and DQ coherences only the LM (or Zeeman order)
the regime of short excitation/reconversion time8)( which is now not encoded by the dipolar interaction, and the DC
will survive. The @ pulse applied in the middle of the evolution
period (cf. Fig. 2b) will change the sign of the LM allowing a
The excitation of the DO multipolar spin state can be achieveartial filtering of this spin state (see below). The signal detecte«
by the Jeener—Broekaert pulse sequen2#).(This pulse inphase withthe lagt/2 pulseis encoded only by the DO asina

2.2. Dipolar Order Build-up Curve

a
excitation evolution reconversion |detection
4
T t, T time
b 29°;W, 29_'03—, 20°
0%, ! AQ
0/2°y | 0/2°y ++
— >
T f, T time

FIG. 2. (a) General scheme for recording dipolar order build-up curves based on the Jeener—Broekaert ex@2djiniér évolution time; is kept fixed
and only the excitation/reconversion timés varied. (b) Jeener—Broekaert three-pulse sequence with arbitrary flip aragids /2, supplemented byo2partially
refocusing pulses. The evolution timeis kept constant and long enough so that DQ and ZQ coherences will irreversibly be dephagqulilgerepresented
by a gray area) is applied in alternate scans at the middle ¢f theerval for partially filtering of the LM spin state. The amplitude of the dipolar echo is detected
The phase cycle employed is listed in Table 3.



64 WIESMATH ET AL.

Jeener—Broekaert experimeBi) performed with 45pulses. It performed with an oscillation amplitude af0.5° and a fre-

can be easily shown from the above results that the normalizgaency of 1.67 Hz.

spin state of DO detected at the maximum of the transferredFor the experiments performed under mechanical stress,

dipolar echo is given by simple home-built stretching device was used. The natural ruk
ber bands had the dimensions of 18@5 x 4 mm in the un-

Soyr) 3 . _ 3 strained state. The NMR-MOUSE was positioned below the rub

—g 21<Sm3 9)9<Slﬂ2 (\/;wa>>~ [13] berbandincontactwith the surface of the rubber band. The widt
of the band was larger than the diameter of the radio-frequenc

The above equation is valid for small values when the coil of 13 mm.

spin—lattice relaxation of the dipolar order can be neglected.
For the case of spin/R2 pairs the dipolar encoding of DQ3.2. NMR Experiments

and DO is the same (cf. Egs. [9] and [13]), but the flip 1 . o ,
angle encoding is different. Therefore, as for the DQ case The"H NMR experiments in inhomogeneous fields were per-

a DO build-up curve can be recorded when the excitéqyrmed witha_lhome made NMR'MOUS.E sensorequipped witt
tion/reconversion time is incremented. In the initial excita- a Bruker Minispec spectrometer operating at a carrier frequenc

- ; ; ! ..of 20.1 MHz and a coil geometry with a sensitive volume of
tion regime from Eq. [13] the NMR signal filtered for DO is® X . .
g a- [13] g about 9x 4 mm in plane and 0.5 mm in depth. Further details

given by are published in Reflj. The length of a pulse employed in all
Soy(2r) 9 the measurements had a value of2shthez-filter time wasrg =
% o é(sin3 0)¢((wp)?) 72, [14] 500us, and the Hahn echo time was= 100 us (cf. Figs. 1b

and 2b). The evolution time was = 60 us,t; = 100 us,
dt; = 60 us for DQ, DO, and LM experiments, respectively.

. . n
when the transverse relaxation of coherences durin exc% .
) ; Lo 9 e DQ decay curves were recorded using the MERE pulse s
tion/reconversion period is neglected.

. . ; uence 12) with a fixed value oft = 1 ms, andr = 0.8 ms
We can mention here that _the DO bl.“ld.'Up curves Wh'Ch F%&rresponding to the maximum of the DQ buildup curves for the
be reco_rded by the cha_ng_es in the _exmtatlpn/reconversmn t'rg%smple NR1 for two extension ratias= 1.00 and 2.25, respec-
;Lf(c:réiF\:\%ihzzi);rF :n(it Ilrr?]'i;ezftfz(ipég’; 2 Séil;s(c))r gggﬁ{gg(}g éively. The intensity of the DQ filtered signals for two different
dipolar-coupled muIti.-spin network as is evident from the r excitation/reconversion times= 0.5 and 1.6 ms taken around
. . Fhe value of corresponding to the maxim of the build-up curve
sults of Jegner aqd Broekgeml. The INVErse spin tempera-was measured for the NR1 band with= 2.5 versus the angle
w;‘eer?5500|ated with the dipolar reservoir reaches a max'mlégrbetween the direction perpendicular on the magnet poles ar
the direction of the stretching force. This measurements can k
easily performed with the NMR-MOUSE sensor.
The NMR experiments in homogeneous fields were per
formed at &H frequency of 500.045 MHz on a Bruker DSX-500
solid-state spectrometer. The°9fllse length was 2s. To par-

tially mimic the effect of rf pulse inhomogeneities the LM and

d
‘EG(I)

is maximum, where the functio@(z) describes the free induc-

tion decay. DO filtered signals were recorded with an rf pulse flip angle
of aboutéd = 60°. The same pulse delays were used as for the

3. EXPERIMENTAL measurements performed with the NMR-MOUSE. The acqui

3.1. Samples sition was performed without employing a Hahn echo. Partia

refocusing was achieved by applying Rulses in the middle of

A series of differently cross-linked elastomer samplebe excitation, evolution, and reconversion periods (cf. Figs. 1
based on commercially available natural rubber (NR) SMRENd 2b and the discussion below).
(Malaysia) was investigated. The additives were 3 par(s- Phase cycling schemes for detecting dipolar encoding LM
perhundredrubber) ZnO and 2 phr stearic acid. The sulfu13, 14, DQ coherence®6, 26, and DO @2, 24 filtered sig-
and accelerator contents are 1-1 phr for the sample NR1 arals were applied in all experiments. The basic phase cycle
5-5 phr for NR5. The accelerator is of the standard sulfenamidéthout CYCLOPS are presented in Tables 1 to 3. In the DC
type (TBBS, benzothiazyl-gert-butyl-sulfenamide). After mix- experiments, ZQ coherences (and also LM) are filtered out b
ing the compounds in a laboratory mixer at60the samples the classical phase cyclg¥, 2§. For the experiment concern-
were vulcanized at 16C in a Monsanto MDR-2000-E vul- ing the multipolar LM state, the difference of the filtered sig-
cameter. The degree of cross-linking was measured by the Ioals recorded with and without the Zefocusing pulse was
frequency shear modulus at a temperature of €6@ the vul- taken. The refocusing pulse will not change the sign of the ZC
cameter directly after the vulcanization. The measurements waral DQ coherences. Because of ZQ coherence, dipolar encod
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TABLE 1 TABLE 3
Basic Phase Cycling Scheme Used for Recording Dipolar Basic Phase Cycling Scheme Used for Recording the DO
Encoded LM Multipolar Spin State
Radio-frequency pulse and receiver phases Radio-frequency pulse and receiver phases

P1 X X y y X —X -y -y Pl X X y y =X —X —y —y
P2 - =X -y -y X X y Y P2 X =X -y -y X X y y
P3 X X y y =X —X -y -y P3 y y =X —X —y -y X X
P4 -y  off x  off y  off -x  off  pg -y off x  off y  off -x  off
P5 y y =X —X -y -y X X  p5 y y =X —X —y -y X X
P6 -y -y X X y y —Xx -X p6 -y -y X X y y X =X
P7 y y =X —X -y -y X X Receiver y y =X —X —y -y X X
P8 X X y y —X —X -y -y — -

P9 y y _x _x iy —y X X Note Additionally, the CYCLOPS scheme was employed, yielding a 32-step

Receiver y -y _x X —y y X _x phase cycle. The rf pulses i = 1-6) correspond to those of Fig. 2b.

Note Additionally, the CYCLOPS scheme was employed, yielding a 32-step

phase_cycle. T_he rf pulses B = 1‘—9) correspond to _those of Fig. 1b. The 2 4. RESULTS AND DISCUSSION
pulse in the middle of the evolution period was switched on and off between

successive phase cycle steps. . . . . .
P Y P 4.1, *H Dipolar Encoded Longitudinal Magnetization

LM and DO behave in the same way under the phase cycle ofl "€ POssibility of measuring signals filtered BiA dipo-

the rf pulses the elimination of ZQ and DQ coherences in LI encoded LM using the NMR-MOUSE and the pulse se-
experiments could also be achieved by choosing;tkeolution duence presented in Fig. 1b is demonstrated by the LM de
period longer than the longest value Bfzq, and T, po relax- cay curves recorded on the two nat_ural_rubber samples NR
ation times. The inhomogeneities of the static magnetic field ghd NRS. These curves are shown |n.F|g..3 for the fuII. rt_a!e-
not affect the life time of the ZQ coherenc2s. In the exper- vant range of thel ex_cnatlon/recon_vers_mn times. In thg initial
iments for excitation of DO, the orthogonality of the phases 6f9ime of the2 excitation/reconversion times the decay is dom
the firstd pulse and th&/2 pulse (cf. Fig. 2b) allows the ex—Inated by ar® dependence as revealed by Eq. [10]. This is
citation of the MQ coherences of odd order for the spin systefPPorted by the expanded dipolar encoded LM decay curve
starting fromz polarization 9, 3. Therefore, ZQ coherence'n th(_a inset of Fig. 3. Moreover, thg effect.of _transverse re-
will not be excited in this case. The single-quantum and M xation of the SQ coherences during excitation and recon

coherences of higher order (i.en] > 3) are filtered out by the Yersion periods is not present, being linearrifior the initial

combined effect of phase cycle and fast dephasing during lﬁi@e regime. The signal-to-noise ratio is relatively good mak-

t, period. Partial filtration of LM is achieved by the 2adio- ing possible a quantitative evaluation of residual dipolar cou-
frequency pulse applied in the middle of the evolution periddfn9s-

which is switched on and off between successive phase cyclin or the same natural rubber sgmpleslﬂdejipolar encoded
steps (cf. Table 3). LM decays were recorded on a solid-state Bruker DSX 500 NMR

spectrometer using the same pulse sequence (cf. Fig. 1b) with
pulse flip angle of abowt = 60°. The signal decays are shown

TABLE 2
Basic Phase Cycling Scheme Used for Recording DQ in Fig. 4 together with the |r_1|t|a{' de_pendence (inset). With
Filtered Signals the help of Eg. [10] we obtain the ratio of the square of'tHe
residual dipolar couplings for the natural rubber samples NR:
Radio-frequency pulse and receiver phases and NR5 as
Pl X y —X -y o\LM LM
P2 —X -y X y (@ )rs/ (@D)yry = 33
P3 X y —X -y
P4 -y x y ~X from the data presented in the inset of the Fig. 4, and
P5 y —X -y X
P6 -y X y —X M M
2 —2 ~

P y _X 4 X (@5 )nrs/ (@B )yry = 31
P8 X y —X -y
P9 y —X -y . . - . .
Receiver y —y y _y from the data shown in Fig. 3. Within the limit of the experi-

mental error these ratios are in a good agreement thus showir

Note Additionally, the CYCLOPS scheme was employed, yielding a 16-st . . . - L
phase cycle. The rf pulses B =1-9) correspond to those in Fig. 1b. In thiset[hat the approximations involved in the derivation of Eq. [10]

experiment a @ pulse (pulse P4) was applied in the middle of the evolutio@rerStiﬁed- Moreover., the residual dipolar couplin.gs measure
period. in homogeneous and inhomogeneous magnetic fields differ b
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FIG. 3. 1H normalized dipolar encoded LM decay curves for the natural rubber samples/NRihd NR5 @) which differ in crosslink density. The decay
curves have been recorded with the NMR-MOUSE using the pulse sequence of Fig. 1b and the phase cycle of Table 1. The dipolar encoded LM sign:
normalized to the intensity of the Hahn echo recorded with the same echo time as that used for the decay curves. The inset shows the linear depende
(solid lines) for the decay curves in the initial excitation/reconversion regime.
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FIG. 4. H normalized dipolar encoded LM decay curves for the natural rubber samples/NRihd NR5 @) with different crosslink densities measured
using a solid-state Bruker DSX 500 NMR spectrometer. The decay curves have been recorded using the pulse sequence of Fig. 1b and the phasekycle
with a pulse flip angle of abodt= 60° and the pulse delays identical with those used in the measurements with the NMR-MOUSE. The acquisition was perfo
without employing a Hahn echo and the LM signals were normalized to the initial intensity of the time-domain signal. The inset shows the lineacel@pende
2 (solid lines) for the decay curves in the initial excitation/reconversion regime.



NMR OF MULTIPOLAR SPIN STATES 67

about 10% proving that the NMR-MOUSE can provide quar¥his value is close to the ratio
titative values for ratios of théH total residual dipolar cou-
plings for elastomers. We can remark here that in the regime (@) o/ (@3) " = 1.24
of long excitation times, the dipolar encoded LM decays could
be slightly different for the measurements performed with theeasured by the same techniques on a different natural rubb
NMR-MOUSE and high-field NMR spectrometers as a resubiand using a Bruker DSX-200 spectrome&3)( This is due to
of a possible field dependence of the transverse relaxatibe different values of the cross-link density of the investigatec
rate. elastomers.
Proton dipolar encoded LM decay curves were also mea-
sured using the NMR-MOUSE for the natural rubber ban#2. *H Double-Quantum Build-up and Decay Curves

NR1 in the relaxed state (extension ratie=1) and strained  proion DQ build-up curves have been recorded with the

to L =2.25. The extension ratio under an uniaxial force is dENMR-MOUSE sensor for a relaxed (i.6.= 1) and stretched

fined asi=L/Lo whereL is the length of the sample un-; _ 5 o5y patural rubber NR1 sample. The data are showr
der the action of uniaxial forcé and Lo is the length of i, rig 6 The low signal-to-noise ratio in the initial regime

the sample forF = 0. Under mechanical stress the segmeR the puild-up curves leads to errors in the estimation
tal order is increased in elastomers (see R, 82, and ref- o e residual dipolar couplings. Nevertheless, the DQ
erences therein) and therefore, the residual dipolar coupllr[gﬁ|d_up curves clearly show a dependence on thea-

will increase. This effect is evident in the dipolar encodegly The maxim of the DQ build-up curves (dashed lines
LM decay curves presented in Fig. 5. The ratio of the squargs ki - 6) is shifted to an earlier time for the stretched
of *H residual dipolar couplings can be obtained from thgiaiomer. This fact is mainly a combination of two ef-

's:I.op(;s of the dipolar encoded LM decays shown in the inset@f;s: (i) the differences in théH residual dipolar couplings
ig.

ie.,
—5\LM —o\LM —21\DQ —\DQ
(sz)A:Z.ZS (sz)le =143 <a)D))\=2.25 = (wD)x:r
1.0 1 1.00 4
i >, 0.95
= A
A.. %0.90— X Z
E 0.8 7 e E 0.85 -
n I = &
c - ® 0.80 o A °
8 3
N o751 A
c 0.6 AN ©
= [ ] E 0.70
= | A 2
1 Py 0.65 -
A T T T T T T T T
T 04 o 000 002 004 006 008 010 0412 014
3 A 7 [ms?]
e b ®
o A
€ 0.2 A ®
e
(o) [ ]
< 1® A=1.00 a2 ° 2
A
0044 A=225 °
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FIG.5. Hnormalized dipolar encoded LM decay curves for the natural rubber sample NR1 for two elongation £atld30 (@) andx = 2.25 (A) measured
by the NMR-MOUSE. The decay curves were recorded using the same procedure and parameters as discussed in Fig. 3. The inset shows the linean depe
2 (solid lines) for the decay curves in the initial excitation/reconversion regime.
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0.5 ; discussed above. The long decay components were fitted wi
Lo H an exponential function and different effective transverse relax
A ® Ao ation timesT,(A=1) = 1.79 ms andT,(A =2.25)=1.12 ms
047 A ogi are obtained.
= . . | 12 A better signal-to-noise ratio can be obtained using fil-
2 A P N tered DQ decay curves recorded with the MERE metH@&). (
f—:-’ 034 A .. o . The data measured in the initial regime of the excitation anc
5 ] Lq0 ' A reconversion periods are presented in Fig. 8. From the lin
(@] % | ear t2 dependence it is possible to evaluate the ratio of the
§ 02 gg‘. & square of the residual dipolar couplings?. We obtain the
= 44 e o value
€ 014 A D DQ ~
e o o100 A A <‘52D>x32.25 <‘52D>x21 =135
0.0 ° . 7‘=|2'25, - P — which is in a good agreement with the value of 1.43 measure
0.0 0.5 1.0 15 2.0 25 3.0 from dipolar encoded LM decays (see above).
7 [ms] It is well known that the residual dipolar and quadrupolar

couplings depend on the angle between the direction of th
FIG. 6. H normalized DQ built-up curves for the natural rubber sampletatic magnetic field3p, and the direction of the uniaxial ap-
NR1 for two elongation ratios = 1.00 (@) andx = 2.25 (A) measured by lied force for elastomer material8, 32. In the case of

the NMR-MOUSE. The build-up curves have been recorded using the pu . "
sequence of Fig. 1b and the phase cycle of Table 2. The DQ signals were nor- R-MOUSE, because of th8 mhomogeneltles an effec-

malized to the intensity of the Hahn echo recorded with the same echo timet?é/@ orientation ?—ngleQ) can be dEﬁ_ned .between the di.rec-
that used for build-up curves. The position of the maxim for each build-up curtion of the applied force and the axis oriented perpendicula

is marked by a dashed line. on the permanent magnet faces. The angular dependence
the 'H DQ filtered signals measured with the NMR-MOUSE
and (ii) differences in the transverse relaxation rates of tiier NR1 band withA =2.5 and excitation/reconversion times
single-quantum coherences (i-B(A =2.25)< To(A=1)). The of t=0.5 ms andr =1.6 ms are shown in Fig. 9. These
latter effectis shown in Fig. 7 where the Hahn echo decays wéimes correspond to the rising part and the decaying part c
recorded with the NMR-MOUSE for the two elongation ratiothe DQ build-up curve. The angular dependences show a bros

1.0 7 2’1- Re
1 6 Log
A%e
0.9 1 s AA. .
J %. b= A ° o
0.8 e o a0 .
> 1 Ao ﬁ]" A
= A () = [ ]
[7;) 0.7 1 © A
[ i A ® g
2 064 A ® e A
c J
= A °
-O 0 5 I 0.0 0.'1 0.'2 0!3 0?4 D.IS 0.8
g 04_' A ) T [ms]
© ] A o
g 0.3 A
o ] [ ]
A
C 0.2
27 A °
0.1 ® 7\,=100 A L]
J A L4
A A=2.25 A
0.0 T T T T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
T [ms]

FIG. 7. H normalized Hahn echo decay curves of the natural rubber samples NR1 for two elongation ratib60 (@) andx = 2.25 (A) measured by
NMR-MOUSE. The inset shows the Hahn echo decays in the initial time regime.



NMR OF MULTIPOLAR SPIN STATES 69

100 A duced compared to the initial regime because of the opposit
004 A=2.25 N . . : . : .

o ) contribution to the signal intensity given by the residual dipo-
2> 0054 A=1.00 lar couplings and transverse relaxation. A detail analysis of thic
@ anisotropy is currently under investigation and will be published
g 0.90 elsewhere.

g

Q 085+ ¢ . 4.3. 'H Dipolar Order Build-up Curves

o J

ﬁ 0.80 A o Build-up curves of proton dipolar order originating from the

g . residual dipolar couplings can be measured in elastomers usir

’g 0.75 + A . the NMR-MOUSE, i.e., in the presence of strongly inhomoge-

T A N neous magnetic fields. Figure 10 shows two DO build-up curve:
0.70 recorded with the pulse sequence of Fig. 2b for the NR1 an
0.65 NR5 samples by the NMR-MOUSE sensor (cf. Fig. 10a) and the
. T T T T T T T T T

0.0 01 02 03 04 Bruker DSX 500 spectrometer (cf. Fig. 10b). As expected, the
rising initial slope of the DO build-up curve for the natural rubber
NRS5 with the higher value of the crosslink density is larger than

FIG.8. 'Hnormalized DQ decay curves of the natural rubber sample NF\H.[]at of the_sample NR]‘_' The position ofthe maxima O_f the Curve‘f
for two elongation ratios. = 1.00 @) and . = 2.25(A) measured by the (dashed lines) are shifted as expected from the differences |
NMR-MOUSE in the initial excitation/reconversion time regime. The decapesidual dipolar couplings and transverse relaxation rates. Ne
curves have been recorded using the MERE pulse sequi)cglfe DQsignals  grtheless, the maxima of the DO build-up curves measured wit
were normalized to the intensity of the Hahn echo recorded with the saB¢ ker DSX 500 spectrometer are both shifted to lower values
echo time as that used for the decay curves. The solid lines shows the linear d h d with his eff ,;
dependence om? for the decay curves in the initial excitation/reconversiofPOmpare tot _Ose measured with NMR-MOUSE. This e_ ectis
regime. related to the differences between the transverse relaxation rat

of single-quantum coherences at 500 MHz and 20 MHz.

minimum and a broad maximum around an angle close éoltzrotm Flg_s. 1?af$[nd :éOb I |sd_eV|dtenBtg§t thehefhmency O]:
the magic angle o®,, = 54.7°. The rising part of the DQ etecting sigha's Titered according 1o in nhomogeneout

build up curve is dominated by the residual dipolar couplin%W maggettlcﬂf_]le:dsf 'S aImpst r;m ordfer ofdmagr?ltude lower
and is described by a function which contain terms of thf ompared 1o that of experiments periormed in homogeneou

7 [ms?]

ields. Therefore, no effort was done to extract the ratio of the

form

{((@0)®M)v o< ((P(cosOF))*v, (N=1,23..), 050

0.45 - -/'\

where P,(cos®(F)) is the Legendre polynomial of second or- 0.0 .\-\ : _/.
der in cosd(r). The angled(r) is the angle between the lo- . 035.] '\ /'/
cal static magnetic fieldq() and the forceF. The average @ ] o
over the sensitive volume of the NMR-MOUSE is denoted byg 030 N,
((--))v and is taking into account the distribution in the ori-Z 0.5 /o/ \O\
entation of By. It is obvious that the intensity of the DQ fil- g 0.20 ] /O\O ; o—-o0
tered signal has a minimum value at the magic agglevhen, = { o—°
in some region of the sensitive volumBy is oriented at this E "7
angle relative toF. Furthermore, the strong inhomogeneities= o.10
in the orientation of the static magnetic field make the ratio . ]
S$a(® = 0)/ So(Om) and SHo(® = 0)/ SHo(® = 90°) differ- 1 i
ent from the expecte® dependence given by the Legendre °®~—7r—— r— 1 r—r— 1
polynomial of second order (cf. Fig. 9). In the decay regior o []

of the DQ build-up curve the intensity of the filtered signal is
dominated by the transverse relaxatidn)(of the SQ coher-  FiG.9. Angular dependence of théi normalized DQ build-up curves for
ences. It was shown thay T, has a strong anisotropy in ori- the natural rubber sample NR1 with elongation ratie: 2.5 measured by the
ented tiSSUE‘SS@, and references therein) having a minimunMR-MOUSE. The angle between the direction of the uniaxial stress force anc
for the magic angle. Therefore, the attenuation of the DQ ffp_e axis perpendicular to the faces of the permanent magnet is denoted by

. . g P . he DQ filtered signals have been recorded using the pulse sequence of Fig.
tered signal is minimum and the signal has a maximum valyg, e phase cycle of Table 2 for= 0.5 ms @) andz = 1.6 ms O). The

as it is evident from the Fig. 9. In this regime of the excitapq signals were normalized to the intensity of the Hahn echo recorded with th
tion/reconversion the anisotropy of the DQ filtered signal is reame echo time as that used for DQ filtered signals.
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H residual dipolar couplings from the experiments performe 9207 ; o
with NMR-MOUSE. 018 ] i 2 A=100
The DO build-up curves are also sensitive to the strain ¢ 1 | o
elastomers. This effect is shown for the sample NRL1 for the tw2 ] A
elongation ratios. = 1 andx = 2.25 (cf. Fig. 11). The max- & ®™7 4%,
ima of both DO build-up curves are shifted to the shorter timeE 0.2 Se .
compared to the corresponding DQ build-up curves (cf. Fig. 68 0.10 ] :.' “
This effect is due to the differences in the encoding efficiency (g ] £ .
H residual dipolar couplings. This efficiency of dipolar encod% 0'08':
ing is higher for the DO build-up curves compared to that foE 006 4
the DQ build-up curves as can be seen from the different mug 04
tiplication factors of the(wp)?) 72 terms in Egs. [14] and [11], 000 “
respectively. 100 ] | | | | | | Ig | o
0.0 0.5 1.0 15 2.0 25 3.0 3.5 4.0
0.16 i O NR1 © Ims]
- P A A NR5 1 . .
044 - Al FIG. 11. *H normah_zed DQ build-up curves for the natural rubber sam-
o | A OOO © ple NRL1 for two elongation ratios = 1.00 (@) and = 2.25 (A) measured by
B 0412 A A the NMR-MOUSE. The build-up curves have been recorded using the puls
S i ‘: o sequence of Fig. 2b and the phase cycle of Table 3. The DO signals were nc
IS 0.10 - O§ i © malized to the intensity of the Hahn echo recorded with the same echo time &
(@] . & that used for build-up curves. The positions of the maxima for each build-uy
g 0.08 %9 curve are marked by dashed lines.
§|\|) i [}
5 0.06 A
£ i A o 5. CONCLUSIONS
2 0041 R - . : . .
. : © The possibility of exciting and detecting various multipo-
0021 Lh T s R lar spin states like dipolar encoded longitudinal magnetization
0.00 L, . : : A. : ? . “I N double-quantum coherences, and dipolar order in strongly in
b0 05 10 15 20 25 30 35 40 45 homogeneous magnetic fields was proved by experiments wil
7 [ms] the NMR-MOUSE. To partially mimic the effects of the field
inhomogeneities on the excitation/reconversion evolution of var
040 ] NRA1 ious multipolar spin states the methods employed were teste
0354 A‘X A NR5 on a solid-state Bruker DSX 500 NMR spectrometer using the
1 a4 same pulse sequences as for the NMR-MOUSE with an arbitrar
%’ 0304, As value of the pulse flip angle. As was shown by the evaluatior
§ 025 of the spin system response for an ensemble of dipolar cot
€ J pled spin-¥2 pairs the distribution of pulse flip angles in the
8 0.20 4 inhomogeneous magnetic fields leads to the simultaneous e
° 0.45.] citation of many spin states. The success of filtering individua
N l multipolar spin states in inhomogeneous fields is related mainl
g 0104 to the fact that even in inhomogeneous fields the phases of tt
§ 005 radio-frequency pulses are the same for all the voxels in th
- sample.
0.00 i This mobile NMR sensor can excite and detect DQ coherence
0.0 0.5 1.0 15 2.0 25 for more rigid solids compared to the elastomers. The limitation:
z [ms] are related to the death time, pulse length, and signal-to-nois

ration which are currently available with this device working at

FIG. 10. 'H normalized DO build-up curves for the natural rubber sambow magnetic field.
ples NR1 ©O) and NR5 @) with different crosslink densities measured by the Compared to MQ coherences, the LM spin state is characte

(a) NMR-MOUSE and (b) the Bruker DSX 500 NMR spectrometer. The builq—
up curves have been recorded using the pulse sequence of Fig. 2b and the pha
cycle of Table 3. The DO signals were normalized to the intensity of the Haffe

ed by a larger NMR signal which is an important feature espe
Fy for low-frequency NMR sensors like the NMR-MOUSE.

echo recorded with the same echo time as that used for the DQ build-up curd&s. principle, the LM spin state is excited simultaneously
The positions of the maxima for each build-up curve are marked by dashed linft: spins in isotropic and anisotropic/restricted environments
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Nevertheless, the decay of dipolar encoded LM with increas- magnetic resonance in inhomogeneous magnetic fidldslagn. Reson.

ing the excitation/reconversion times is related to the solid-like 145.246-258 (2000).

behavior of heterogeneous soft solids. 8. M. D. Hurlimann and D. E. Griffin, Spin dynamics of Carr—Purcell-
The possibility to detect signals filtered accordin@ﬁbdipo- Meiboom-Gill-like sequences in grossly inhomogeneogsud B; fields

. . ) . . and application to NMR well logging). Magn. Reson143, 120-135
lar order which originate only from the spins in the solid- (29q0).

like environments eXpand'S the sphere Qf applica.tions of the A wiesmath, H. Kihn, R. Fechete, D. E. Demco, and BuBlich, Integrated
NMR-MOUSE for measuring macroscopic properties of elas- dispersion of spin-lattice relaxation time in the rotating frame in strongly
tomers and other soft solid matter affected by the segmentalinhomogeneous magnetic fields, submitted for publication.

dynamics. The Jeener—Broekaert sche@® {s not the only 10. M. D. Hirlimann, Diffusion and relaxation effects in general stray field
method which can be employed to produce DO but also adi- NMR experiments). Magn. Resorl48,367-378 (2001).

abatic demagnetization in the rotating frame can be succekk-A Wiesmath, C. Gehlen, D. E. Demco, and BuBiich, unpublished results.
fully used with the NMR-MOUSE. The efficiency of this tech-12. A. Wiesmath, C. Filip, D. E. Demco, and B. @tiich, Double-quantum

nique is expected to be higher than that of the Jeener—Broekaer 'Ltl:rzgé\'_'\;g?,s(ggg'ls) in inhomogeneous magnetic fieisagn. Reson.
method. : )

L . 13. M. Schneider, L. Gasper, D. E. Demco, and Buiich, Residual dipo-
The sensitivity of the d|polar encoded LM, DQ coherences lar couplings by'H dipolar encoded longitudinal magnetization, double-

and DO to differences in cross-link density and strain was shown and triple-quantum nuclear magnetic resonance in cross-linked elastomer
for samples of natural rubber. This extends the panoply of NMR J. Chem. Phys111,402-415 (1999).

parameters that can be used with the NMR-MOUSE for investi4. M. Schneider, D. E. Demco, and B.uBtiich,"H NMR imaging of residual
gation of elastomer materials. Moreover, the DQ filtered signals dipolar gouplings in cross-linked elasto_mers: Dipolar—gncoded longitudinal
was shown to be sensitive to the angle between the direction magnetization, double-quantum, and triple-quantum filtetgagn. Reson.

fth lied uniaxial f d the di . fth is al 140,432-441 (1999).
ofthe applied uniaxial force and the direction of the axis a OI’E. U. Eliav and G. Navon, A study of dipolar interactions and dynamic pro-

the permanent magnet poles. _The pOSSibi"tY of recording proton cesses of water molecules in tendonyand2H homonuclear and het-
dipolar encoded LM and DQ filtered NMR signals suggests the eronuclear multiple-quantum-filtered NMR spectroscdpylagn. Reson.
use of the NMR-MOUSE for characterization of tissue order in 137,295-310 (1999).

connective tissues, muscles, and blood ves8d)s These tech- 16. G. J. Bowden and W. D. Hutchison, Tensor operator formalism for
niques can be also applied to the investigatio?*dfa nuclei in multiple-quantum NMR. 1. Spin-1 nucles, Magn. Reson67, 403-414

. . . 1 .
biological tissues. (1986) _ :
17. G. J. Bowden, W. D. Hutchison, and J. Khachan, Tensor operator formalisn

for multiple-quantum NMR. 2. Spin/2, 2, and 32 and general IJ. Magn.
Reson67,415-437 (1986).
18. T. Karlsson, A. Brinkmann, P. J. E. Verdegem, J. Lugtenburg, and

This work was supported by grants from the Deutsche Forschungsgemein- M- H. Levitt, Multiple-quantum relaxation in the magic-angle-spinning
schaft (DE 780/1-1) and by the BundesministeriumBildung und Forschung NMR of *3C spin pairs,Solid State Nucl. Magn. Resod4, 43-58
(BMBF) under the German—Israeli Project Cooperation (DIP). The authors are (1999).
also grateful to K. Unseld and V. Hermann, Dunlop GmbH, Hanau, for provid9. G. Jaccard, S. Wimperis, and G. Bodenhausen, Multiple-quantum NMR
ing the samples and helpful information. The authors acknowledge stimulating spectroscopy o6 = 3/2 spins in isotropic phase: A new probe for multi-
discussions with Gil Navon and Uzi Eliav. exponential relaxation. Chem. Phys85,6282-6293 (1986).

20. U. Eliav, H. Shinar, and G. Navon, The formation of a second-rank tensor in
23Na double-quantum filtered NMR as an indicator for order in a biological
tissueJ. Magn. Resorf8,223-231 (1992).

21. J. Jeener and P. Broekaert, Nuclear magnetic resonance in solids: Therm

ACKNOWLEDGMENTS

REFERENCES

1. G. Eidmann, R. Savelsberg, P.ufler, and B. Blimich, The NMR- dynamic effects of a pair of radio-frequency pulseisys. Revl57,232-245
MOUSE, a mobile universal surface explor&rMagn. Reson. A22,104— (1967).
109 (1996). 22. R. Kemp-Harper and S. Wimperis, Detection of the interaction of sodium
2. G. Guthausen, A. Guthausen, F. Balibanu, R. Eymael, K. Hailu, U. Schmitz, jons with ordered structures in biological systems. Use of the Jeener-
and B. Blimich, Soft-matter analysis by the NMR-MOUSHacromol. Broekaert expriment]. Magn. Reson. B02,326-331 (1993).
Mater. Eng.276/277,25-37 (2000). 23.S. P. Brown and S. Wimperis, Extraction of homogene&iida NMR
3. A. Guthausen, G. Zimmer, P. @filer, and B. Blimich, Analysis of poly- linewidth from two-dimensional Jeener-Broekaert spedtrslagn. Reson.
mer materials by surface NMR via the MOUSE Magn. Resorl30,1-7 B 109,291-300 (1995).
(1998). 24. R. Kemp-Harper, B. Wickstead, and S. Wimperis, Sodium ions in or-
4. B. Blumich, “"NMR Imaging of Materials,” Clarendon Press, Oxford  dered environments in biological systems: Analysig3fa NMR spectra,
(2000). J. Magn. Resorl40,351-362 (1999).
5. R. L. Kleinberg, “Encyclopedia of Nuclear Magnetic Resonance,” Vol. 5. R. R. Ernst, G. Bodenhausen, and A. Wokaun, “Principles of Nuclear
Chap. “Well logging,” pp. 4960-4969, Wiley, Chichester (1996). Magnetic Resonance in One and Two Dimensions,” Clarendon, Oxford
6. P. J. McDonald, Stray field magnetic resonance imagdtnag. Nucl. Magn. (1987).
Reson. SpecB0,69-99 (1997). 26. M. Munowitz and A. Pines, Principles and applications of multiple-quantum
7. F. Balibanu, K. Hailu, R. Eymael, D. E. Demco, and BuBlich, Nuclear NMR, Adv. Chem. Phy$6,1-152 (1987).



72 WIESMATH ET AL.

27. R. Kimmich, “NMR, Tomography, Diffusometry, Relaxometry,” Springer-31. P. T. Callaghan and E. T. Samulski, Molecular ordering and the direct mea

Verlag, Berlin/New York (1997). surement of weak proton—proton dipolar interactions in rubber network,
28.J. P. Cohen Addad, NMR and fractal properties of polymeric liquids and Macromolecule$0,113-122 (1997).
gels,Prog. Nucl. Magn. Reson. Sp&5, 1 (1993). 32.P. Sotta and B. Deloche, Uniaxiality induced in a strained

29. Y. Ba and W. S. Veeman, Experimental detection of multiple-quantum co- Poly(dimethylsiloxane) networkylacromolecule23,1999-2007 (1990).
herence transfer in coupled spin solids by multi-dimensional NMR expe3. M. Schneider, D. E. Demco, and B.Btiich, NMR images of proton residual
ments,Solid State Nucl. Magn. Resdh.131-141 (1993). dipolar coupling from strained elastomeacromolecule84,4013-4026

30. R. Tycko, Selection rules for multiple-quantum NMR excitation in solids: ~ (2001).

Derivation from time-reversal symmetry and comparison with simu34. R. Haken and B. Blinich, Anisotropy in tendon investigatéul vivo by a
lations and'3C NMR experiments,J. Magn. Reson.139, 302-307 portable NMR scanner the NMR-MOUSHE, Magn. Resorll44,195-199
(1999). (2000).



	1. INTRODUCTION
	2. THEORY
	FIG. 1.
	FIG. 2.

	3. EXPERIMENTAL
	TABLE 1
	TABLE 2
	TABLE 3

	4. RESULTS AND DISCUSSION
	FIG. 3.
	FIG. 4.
	FIG. 5.
	FIG. 6.
	FIG. 7.
	FIG. 8.
	FIG. 9.
	FIG. 10.
	FIG. 11.

	5. CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

