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NMR of Multipolar Spin States Excitated in Strongly
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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. C© 2002 Elsevier Science

Key Words: double-quantum NMR coherences; dipolar order;
dipolar encoded longitudinal magnetization; multipolar spin states;
NMR-MOUSE; cross-linked natural rubber; strain.
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1. INTRODUCTION

Over the past few years, several new NMR applications h
been developed for use in strongly inhomogeneous static
radio-frequency magnetic fields. Applications include mater
testing (1–4), well logging for oilfield applications (5), and stray
field NMR (6). It has been shown that for protons various NM
parameters like T1 (3), T2 (2, 7, 8), T1ρ (2, 9), and self-diffusion
coefficients (10) can be measured under these conditions. Mo
over, van Vleck moments of1H residual dipolar couplings can b
measured from the accordion magic sandwich (11). The possibil-
ity of exciting1H double-quantum (DQ) coherences in strong
inhomogeneous fields was also shown (12), extending the ap-
plication of this technique to elastomers (13, 14) and ordered
tissues (15) in homogeneous fields.
1 To whom correspondence should be addressed.
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Recently, a mobile NMR surface scanner (NMR-MOUSE
a trademark of RWTH, Peter Bl¨umler and Bernhard Bl¨umich)
was developed for the nondestructive investigation of arbitra
large objects (1–4). The NMR-MOUSE is a palm-size NMR
device and is characterized by strong inhomogeneities
the static and radio frequency magnetic fields (7). Due to
these inhomogeneities the task to implement specific N
techniques is not trivial.

The aim of this paper is to investigate the possibility of exc
ing multipolar spin states in strongly inhomogeneous fields us
the NMR-MOUSE. These multipolar spin states or spin mo
correspond mainly to longitudinal magnetization (LM) or p
larization, multiple-quantum (MQ) NMR coherences, and s
order (16, 17, and references therein). The dipolar and quadru
lar states are conveniently described, especially for the last c
by the irreducible tensor operatorsT l,p of rank l and orderp
(see, for instance, Ref. (16)). For a dipolar coupled spin-1/2
pair or a quadrupolar nuclei with spinI = 1, the irreducible ten-
sor operatorsT1,0, T2,±2, andT2,0 correspond to longitudina
magnetization, double-quantum (DQ) coherences, and dip
order (DO), respectively. Recently, it was shown that for di
lar coupled spins the multipolar LM state is encoded by
dipolar interactions (13). A spin multipolar state which is no
present for quadrupolar nuclei is the zero-quantum cohere
(ZQ). Nevertheless, for isolated spin-1/2 pairs with different
chemical shifts the selective excitation of one resonance
convert DQ coherences into ZQ coherences (18). For obvious
reasons, this procedure cannot be applied in strongly inho
geneous magnetic fields. In a dipolar multi-spin network
pulse sequences used for excitation of DQ coherences will
excite ZQ coherences and dipolar encoded LM. The respon
the LM, ZQ, and DO to the phase cycling of rf pulses is the sa
making the separation of these states difficult. Nevertheles
general, the life times of DQ and ZQ coherences are very di
ent from that of dipolar encoded LM and DO, which is related
the spin–lattice relaxation timesT1 andT1D, respectively. These
features can be used together with other procedures for filte
these multipolar spin states (see below).

We must mention that in strongly inhomogeneous fie
the existence of a broad flip-angle distribution of rf puls
precludes the implementation of some filtration experime
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For instance, orientationally ordered23Na ions can be distin
guished from the bulk of sodium ions by means of a sim
flip-angle effect in a DQ-filtered experiment (19, 20). This
effect will be present in just a few voxels of the sample
the NMR-MOUSE. Fortunately, there are other experime
which work in the presence of strong field inhomogeneities.
an example, the Jeener–Broekaert experiment (21), producing
multipolar states of dipolar or quadrupolar order, does
relay upon the flip-angle effect to suppress the unwanted si
components (22–24). The required discrimination arises as
result of the nominal 90◦ pulse and the first nominal 45◦ pulse
having orthogonal phases. This phase condition can be fulfi
for all the voxels in the sample in the presence of stron
inhomogeneous fields. Moreover, rf pulse phases well defi
over the sensitive volume enable one to use well establis
phase cycling procedures (25, 26) for filtering DQ coherences
and dipolar encoded longitudinal magnetization.

The paper is organized as follows: In Section 2 we presen
spin system response for a spin-1/2 pair to the pulse sequence
used for the excitation of dipolar encoded LM, DQ coherenc
and DO. To mimic partially, the inhomogeneities of magne
fields an arbitrary flip angle of rf pulses were considered. Un
these conditions the simultaneous excitation of various m
polar spin states was shown to be effective. The measurem
were performed on the important class of elastomer mater
The experiments and samples are described in detail in Sect
The effects of crosslinking and strain on the multipolar s
states were investigated for natural rubber. These results
presented in Section 4 and compared with the meas

ments of multipolar states generated in homogeneous magnetic

onal MQ
e
times.

e DQ

T . The effect of partial refocusing by 2θ rf pulses (cf. Fig. 1b)
e
fields.

FIG. 1. (a) General scheme for filtering NMR signals according to dipolar encoded LM and MQ coherences. This scheme is similar to a two-dimensi
experiment but it is used with fixed evolution timet1 and variable, but equal, excitation/reconversion timesτ . (b) A five-pulse sequence with an arbitrary puls
flip angleθ , supplemented by 2θ pulses for partial refocusing to measure dipolar encoded LM and DQ filtered signals with variable excitation/reconversion
The evolution timet1 is kept short and constant and a 2θ pulse (represented by a gray area) is applied at the middle of this interval for partially refocusing th

l,p

will be neglected in the following, being not essential for th
coherences evolution under inhomogeneous Hamiltonians. This pulse is ap
by the lastθ pulse of the reconversion period and a free evolution period of
Hahn echo. The phase cycling schemes used in the experiments are listed
LAR SPIN STATES 61
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2. THEORY

2.1. Excitation of Dipolar Encoded LM and DQ Coherence

The most simple method to excite and detect MQ cohere
exploits time reversal procedure (cf. Fig. 1a) like the nonselec
three-pulse sequence (25, 26) or its variant presented in Fig. 1
Here the duration of excitation and reconversion periods
equal and the efficiency in pumping MQ coherences is increa
in the initial excitation/reconversion time regime. A build-
curve is recorded in this case for which a maximum is prese
a result of the competitive effects of pumping MQ coheren
and transverse relaxation of single-quantum coherences (13).

We shall consider in the following the spin system respons
the pulse sequence of Fig. 1b used for the excitation of MQ
herences. The case of a rigid, magnetically equivalent, iso
two spin-1/2 system will be treated excited by radio-frequen
pulses having well-defined arbitrary flip angles. This will all
us the possibility to investigate the multipolar spin states w
can be excited by NMR-MOUSE, i.e., in strongly inhomo
neous magnetic fields where a distribution of pulse flip an
exist. Nevertheless, the radio-frequency pulse phases ar
distributed over the sample volume. They are the same for
voxel.

The spin system response for an isolated, magnetically e
alent two spin-1/2 system can be described by an equiva
quadrupolar nucleus with spinI = 1 (see for instance, Ref. (27)).
Under the action of the pulse sequence presented in Fig. 1
reduced density operatorσ can be conveniently described at v
ious moments of time in terms of the irreducible tensor opera
plied in alternative scans for dipolar encoded LM experiments. Thez filter is represented
durationτ0. The detection in strongly inhomogenous magnetic fields is achieved by a
in Tables 1 and 2.



T

fo
g

i

s

d

e

s

e
ling
de-
nd

nally

me.
y an
-

pair
tors

ic-

(

an
ic
l

62 WIESMA

filtration of DQ coherences. Nevertheless, these pulses re
the fast coherence decay of inhomogeneous nature, bein
sential for the success of the experiment. The experiment s
with the spin system exhibitingzpolarization, i.e.,σ (0−) ∝ T1,0.
After the action of the first hardθ pulse

σ (0+) ∝ T1,0 cosθ + iT1,1(s) sinθ, [1]

whereT1,1(s) is the symmetric irreducible tensor operator
T1,±1 defined asiT1,1(s) = (1/

√
2)[T1,1+ T1,−1], (17).

Under the effect of truncated residual dipolar Hamilton
H̄ (0)

d = ω̄dT2,0, whereω̄d is the preaveraged intra- and inte
group dipolar coupling constant in elastomers (28and reference
therein) the density operator at the end of the first free evolu
period of durationτ (cf. Fig. 1b) is given by

σ (τ−) ∝ T1,0 cosθ + iT1,1(s) cos

(√
3

2
ω̄Dτ

)
sinθ

+
√

2T2,1(a) sin

(√
3

2
ω̄Dτ

)
cosθ, [2]

where the antisymmetric combination of the irreducible ten
operatorsT2,±1 is given byT2,1(a) = 1√

2
[T2,1 − T2,−1], (17). In

Eq. [2] all the relaxation processes have been neglected.
After the action of the second rfθ pulse (cf. Fig. 1b), the

density operator is given by

σ (τ+) ∝ T1,0 cos2 θ − T1,0 sin2 θ cos

(√
3

2
ω̄Dτ

)

+ i

2
T1,1(s) sin 2θ + i

2
T1,1(s) sin 2θ cos

(√
3

2
ω̄Dτ

)

+
√

2

2
T2,1(a) sin 2θ sin

(√
3

2
ω̄Dτ

)

+ i
√

2T2,2(a) sin2 θ sin

(√
3

2
ω̄Dτ

)
. [3]

Therefore, at the end of the excitation period dipolar enco
and nonencoded longitudinal magnetization (T1,0), dipolar en-
coded and nonencoded single-quantum coherences (T1,1(s)),
dipolar encoded antiphase single-quantum coherences (T2,1(a)),
and dipolar encoded double-quantum coherences (T2,2(a)) have
been excited. It is also evident that no dipolar order or z
quantum coherences are present. This fact is also valid
DO in the case of dipolar coupled multi-spin systems
quadrupolar nuclei withI > 1. Nevertheless, based on the
lection rules valid for MQ NMR spectroscopy (25, 26, 29,

30) ZQ coherences are excited by the nonselective three p
sequence for a dipolar network with the number of sp
N > 2.
H ET AL.
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LM and DQ multipolar spin states can be filtered from th
other coherences and from each other by specific phase cyc
schemes (see below). From Eq. [3] the density operators
scribing LM and DQ multipolar spin states are given at the e
of excitation period by

σLM (τ+) ∝ T1,0 cos2 θ − T1,0 sin2 θ cos

(√
3

2
ω̄Dτ

)
[4]

and

σDQ(τ+) ∝ i
√

2T2,2(a) sin2 θ sin

(√
3

2
ω̄Dτ

)
, [5]

respectively.
At the end of the reconversion period and thez-filter of du-

ration τ0 (cf. Fig. 1) the LM and DQ encodedz polarizations
can be evaluated using the procedure discussed above. Fi
the LM and DQ filtered normalized signals originating from aθ
voxel are given by

SθLM (τ0+ 2τ )

S0
∝ cos4 θ + sin4 θ

〈
cos2

(√
3

2
ω̄Dτ

)〉
, [6]

and

SθDQ(τ0+ 2τ )

S0
∝ sin4 θ

〈
sin2

(√
3

2
ω̄Dτ

)〉
, [7]

respectively. In Eqs. [6] and [7] the evolution of LM and DQ
multipolar spin states during thet1 period was neglected and S0

is the SQ signal detected by a Hahn echo with a short echo ti
Furthermore, the relaxation of coherences characterized b
effective relaxation timeT2,eff during excitation and reconver
sion periods can be neglected forτ¿ T2,eff. The symbol〈(. . .)〉
represents the averages taken over the orientation of spin-
internuclear vector and the statistics of the end-to-end vec
(see, for instance, Ref. (13)). In the case of the NMR-MOUSE,
Eqs. [6] and [7] describe the signals originating from a part
ular sample voxel characterized by an rf pulse having aθ flip
angle. The total, filtered signals can be evaluated as in Ref.7),
and the relevant part is given by an integral which includeinter
alia the space distribution of the flip angles. This integral c
be performed numerically from given distribution of the stat
and radio-frequency fields (7) and is expressed by the symbo
〈(. . .)〉θ . From Eqs. [6] and [7] one finally gets
ulse
insSLM (τ0+ 2τ )

S0
∝ 〈cos4 θ〉θ + 〈sin4 θ〉θ

〈
cos2

(√
3

2
ω̄Dτ

)〉
[8]
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and

SDQ(τ0+ 2τ )

S0
∝ 〈sin4 θ〉θ

〈
sin2

(√
3

2
ω̄Dτ

)〉
. [9]

If the excitation/reconversion intervalsτ fulfill the conditions
ω̄Dτ ¿ 1, andτ ¿ T2,eff the above equations can be approx
mated by

SLM (τ0+ 2τ )

S0
∝ 〈cos4 θ〉θ + 〈sin4 θ〉θ

(
1− 3

2
〈(ω̄D)2〉τ 2

)
[10]

and

SDQ(τ0+ 2τ )

S0
∝ 〈sin4 θ〉θ 3

2
〈(ω̄D)2〉τ 2. [11]

The derivative of the LM decay curve and DQ buildup cur
taken over the variableτ 2 in this initial time regime yields
a quantity related to the square of the total (inter- and int
functional groups) residual dipolar couplings of the elastom
segments.

For a multi-spin dipolar topology the effect of pumping D
high-order spin correlations and high-order MQ coheren
leads to a more complex treatment as that described ab
Nevertheless, the above equations are expected to be val
the regime of short excitation/reconversion times (13).

2.2. Dipolar Order Build-up Curve
The excitation of the DO multipolar spin state can be achievedpartial filtering of this spin state (see below). The signal detected
a
by the Jeener–Broekaert pulse sequence (21). This pulse

FIG. 2. (a) General scheme for recording dipolar order build-up curves based on the Jeener–Broekaert experiment (21). The evolution timet1 is kept fixed
and only the excitation/reconversion timeτ is varied. (b) Jeener–Broekaert three-pulse sequence with arbitrary flip anglesθ andθ/2, supplemented by 2θ partially

in phase with the lastθ/2 pulse is encoded only by the DO as in
refocusing pulses. The evolution timet1 is kept constant and long enough so
by a gray area) is applied in alternate scans at the middle of thet1 interval for par
The phase cycle employed is listed in Table 3.
LAR SPIN STATES 63
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sequence was adapted to the NMR-MOUSE sensor and
shown in Fig. 2. The scheme is similar to that used for
citation of LM and MQ multipolar spin states and posses
preparation (sample polarization), excitation, evolution, and
conversion periods (cf. Fig. 2a). The spin system response to
action of the pulse sequence of Fig. 2b can be evaluated u
the same conditions as discussed in the previous section. U
the relationship given in Ref. (16) for the evolution of irreducible
tensor operators under the dipolar interaction and rf pulses
can write for the density operator at the end of the excitat
period

σ (τ+) ∝ T1,0 cos (θ/2) cosθ + T1,1(a) sin (θ/2) cosθ

+ iT1,1(s) sinθ cos

(√
3

2
ω̄Dτ

)

− i

√
2

2

[√
3T2,0 sin2 θ−T2,1(a) sin(2θ )−T2,2(s) sin2 θ

]
× sin

(√
3

2
ω̄Dτ

)
. [12]

It is evident that at the end of the excitation period, multipo
spin states of LM, SQ, DQ, and dipolar order are produced.
last spin state is described by the irreducible spin operatorT2,0.
If the evolution periodt1 is longer than the transverse relaxatio
times of SQ and DQ coherences only the LM (or Zeeman ord
which is now not encoded by the dipolar interaction, and the
will survive. The 2θ pulse applied in the middle of the evolutio
period (cf. Fig. 2b) will change the sign of the LM allowing
that DQ and ZQ coherences will irreversibly be dephased. A 2θ pulse (represented
tially filtering of the LM spin state. The amplitude of the dipolar echo is detected.
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Jeener–Broekaert experiment (21) performed with 45◦ pulses. It
can be easily shown from the above results that the normal
spin state of DO detected at the maximum of the transfer
dipolar echo is given by

SDO,y(2τ )

S0
∝ 3

4
〈sin3 θ〉θ

〈
sin2

(√
3

2
ω̄Dτ

)〉
. [13]

The above equation is valid for smallt1 values when the
spin–lattice relaxation of the dipolar order can be neglect
For the case of spin-1/2 pairs the dipolar encoding of DQ
and DO is the same (cf. Eqs. [9] and [13]), but the fl
angle encoding is different. Therefore, as for the DQ ca
a DO build-up curve can be recorded when the exc
tion/reconversion timeτ is incremented. In the initial excita
tion regime from Eq. [13] the NMR signal filtered for DO i
given by

SDO,y(2τ )

S0
∝ 9

8
〈sin3 θ〉θ 〈(ω̄D)2〉τ 2, [14]

when the transverse relaxation of coherences during exc
tion/reconversion period is neglected.

We can mention here that the DO build-up curves which c
be recorded by the changes in the excitation/reconversion ti
τ (cf. Fig. 2a) are not limited to spin-1/2 pairs or quadrupolar
nuclei with spin I = 1. This effect can be also detected for
dipolar-coupled multi-spin network as is evident from the r
sults of Jeener and Broekaert (21). The inverse spin tempera
ture associated with the dipolar reservoir reaches a maxim
when ∣∣∣∣ d

dτ
G(τ )

∣∣∣∣
is maximum, where the functionG(τ ) describes the free induc
tion decay.

3. EXPERIMENTAL

3.1. Samples

A series of differently cross-linked elastomer sampl
based on commercially available natural rubber (NR) SMR
(Malaysia) was investigated. The additives were 3 phr (parts-
per-hundred-r ubber) ZnO and 2 phr stearic acid. The sulf
and accelerator contents are 1-1 phr for the sample NR1
5-5 phr for NR5. The accelerator is of the standard sulfenam
type (TBBS, benzothiazyl-2-tert-butyl-sulfenamide). After mix-
ing the compounds in a laboratory mixer at 50◦C, the samples
were vulcanized at 160◦C in a Monsanto MDR-2000-E vul-

cameter. The degree of cross-linking was measured by the
frequency shear modulus at a temperature of 160◦C in the vul-
cameter directly after the vulcanization. The measurements w
H ET AL.
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performed with an oscillation amplitude of±0.5◦ and a fre-
quency of 1.67 Hz.

For the experiments performed under mechanical stres
simple home-built stretching device was used. The natural r
ber bands had the dimensions of 180× 35× 4 mm in the un-
strained state. The NMR-MOUSE was positioned below the r
ber band in contact with the surface of the rubber band. The w
of the band was larger than the diameter of the radio-freque
coil of 13 mm.

3.2. NMR Experiments

The1H NMR experiments in inhomogeneous fields were p
formed with a home made NMR-MOUSE sensor equipped w
a Bruker Minispec spectrometer operating at a carrier freque
of 20.1 MHz and a coil geometry with a sensitive volume
about 9× 4 mm in plane and 0.5 mm in depth. Further deta
are published in Ref. (1). The length of a pulse employed in a
the measurements had a value of 2.5µs, thez-filter time wasτ0 =
500µs, and the Hahn echo time wasτ1 = 100µs (cf. Figs. 1b
and 2b). The evolution time wast1 = 60 µs, t1 = 100 µs,
andt1= 60µs for DQ, DO, and LM experiments, respectivel
The DQ decay curves were recorded using the MERE pulse
quence (12) with a fixed value ofτ = 1 ms, andτ = 0.8 ms
corresponding to the maximum of the DQ buildup curves for t
sample NR1 for two extension ratiosλ = 1.00 and 2.25, respec
tively. The intensity of the DQ filtered signals for two differen
excitation/reconversion timesτ = 0.5 and 1.6 ms taken aroun
the value ofτ corresponding to the maxim of the build-up curv
was measured for the NR1 band withλ = 2.5 versus the angle
2 between the direction perpendicular on the magnet poles
the direction of the stretching force. This measurements can
easily performed with the NMR-MOUSE sensor.

The NMR experiments in homogeneous fields were p
formed at a1H frequency of 500.045 MHz on a Bruker DSX-50
solid-state spectrometer. The 90◦ pulse length was 2µs. To par-
tially mimic the effect of rf pulse inhomogeneities the LM an
DO filtered signals were recorded with an rf pulse flip ang
of aboutθ = 60◦. The same pulse delays were used as for
measurements performed with the NMR-MOUSE. The acq
sition was performed without employing a Hahn echo. Par
refocusing was achieved by applying 2θ pulses in the middle of
the excitation, evolution, and reconversion periods (cf. Figs.
and 2b and the discussion below).

Phase cycling schemes for detecting dipolar encoding
(13, 14), DQ coherences (25, 26), and DO (22, 24) filtered sig-
nals were applied in all experiments. The basic phase cy
without CYCLOPS are presented in Tables 1 to 3. In the D
experiments, ZQ coherences (and also LM) are filtered out
the classical phase cycle (25, 26). For the experiment concern
ing the multipolar LM state, the difference of the filtered si
nals recorded with and without the 2θ refocusing pulse was
ere
taken. The refocusing pulse will not change the sign of the ZQ
and DQ coherences. Because of ZQ coherence, dipolar encoded
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TABLE 1
Basic Phase Cycling Scheme Used for Recording Dipolar

Encoded LM

Radio-frequency pulse and receiver phases

P1 x 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
P4 −y off x off y off −x off
P5 y y −x −x −y −y x x
P6 −y −y x x y y −x −x
P7 y y −x −x −y −y x x
P8 x x y y −x −x −y −y
P9 y y −x −x −y −y x x
Receiver y −y −x x −y y x −x

Note. Additionally, the CYCLOPS scheme was employed, yielding a 32-s
phase cycle. The rf pulses Pi (i = 1–9) correspond to those of Fig. 1b. The 2θ

pulse in the middle of the evolution period was switched on and off betw
successive phase cycle steps.

LM and DO behave in the same way under the phase cyc
the rf pulses the elimination of ZQ and DQ coherences in
experiments could also be achieved by choosing thet1 evolution
period longer than the longest value ofT2,ZQ, andT2,DQ relax-
ation times. The inhomogeneities of the static magnetic field
not affect the life time of the ZQ coherence (25). In the exper-
iments for excitation of DO, the orthogonality of the phases
the firstθ pulse and theθ/2 pulse (cf. Fig. 2b) allows the ex
citation of the MQ coherences of odd order for the spin sys
starting fromz polarization (29, 30). Therefore, ZQ coherenc
will not be excited in this case. The single-quantum and M
coherences of higher order (i.e.,|p| ≥ 3) are filtered out by the
combined effect of phase cycle and fast dephasing during
t1 period. Partial filtration of LM is achieved by the 2θ radio-
frequency pulse applied in the middle of the evolution per
which is switched on and off between successive phase cy
steps (cf. Table 3).

TABLE 2
Basic Phase Cycling Scheme Used for Recording DQ

Filtered Signals

Radio-frequency pulse and receiver phases

P1 x y −x −y
P2 −x −y x y
P3 x y −x −y
P4 −y x y −x
P5 y −x −y x
P6 −y x y −x
P7 y −x −y x
P8 x y −x −y
P9 y −x −y x
Receiver y −y y −y

Note. Additionally, the CYCLOPS scheme was employed, yielding a 16-s

phase cycle. The rf pulses Pi (i = 1–9) correspond to those in Fig. 1b. In thi
experiment a 2θ pulse (pulse P4) was applied in the middle of the evoluti
period.

0]
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TABLE 3
Basic Phase Cycling Scheme Used for Recording the DO

Multipolar Spin State

Radio-frequency pulse and receiver phases

P1 x x y y −x −x −y −y
P2 −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
P5 y y −x −x −y −y x x
P6 −y −y x x y y −x −x
Receiver y y −x −x −y −y x x

Note. Additionally, the CYCLOPS scheme was employed, yielding a 32-s
phase cycle. The rf pulses Pi (i = 1–6) correspond to those of Fig. 2b.

4. RESULTS AND DISCUSSION

4.1. 1H Dipolar Encoded Longitudinal Magnetization

The possibility of measuring signals filtered by1H dipo-
lar encoded LM using the NMR-MOUSE and the pulse
quence presented in Fig. 1b is demonstrated by the LM
cay curves recorded on the two natural rubber samples
and NR5. These curves are shown in Fig. 3 for the full re
vant range of the excitation/reconversion times. In the ini
regime of the excitation/reconversion times the decay is d
inated by aτ 2 dependence as revealed by Eq. [10]. This
supported by the expanded dipolar encoded LM decay cu
in the inset of Fig. 3. Moreover, the effect of transverse
laxation of the SQ coherences during excitation and rec
version periods is not present, being linear inτ for the initial
time regime. The signal-to-noise ratio is relatively good m
ing possible a quantitative evaluation of residual dipolar c
plings.

For the same natural rubber samples the1H dipolar encoded
LM decays were recorded on a solid-state Bruker DSX 500 N
spectrometer using the same pulse sequence (cf. Fig. 1b) w
pulse flip angle of aboutθ = 60◦. The signal decays are show
in Fig. 4 together with the initialτ 2 dependence (inset). Wit
the help of Eq. [10] we obtain the ratio of the square of the1H
residual dipolar couplings for the natural rubber samples N
and NR5 as 〈

ω̄2
D

〉LM
NR5

/〈
ω̄2

D

〉LM
NR1
∼= 3.3

from the data presented in the inset of the Fig. 4, and

〈
ω̄2

D

〉LM
NR5

/〈
ω̄2

D

〉LM
NR1
∼= 3.1

from the data shown in Fig. 3. Within the limit of the expe
mental error these ratios are in a good agreement thus sho
that the approximations involved in the derivation of Eq. [1
s

onare justified. Moreover, the residual dipolar couplings measured
in homogeneous and inhomogeneous magnetic fields differ by
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FIG. 3. 1H normalized dipolar encoded LM decay curves for the natural rubber samples NR1 (n) and NR5 (d) 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 s
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 depenτ2

(solid lines) for the decay curves in the initial excitation/reconversion regime.

FIG. 4. 1H normalized dipolar encoded LM decay curves for the natural rubber samples NR1 (n) and NR5 (d) with different crosslink densities measure
using a solid-state Bruker DSX 500 NMR spectrometer. The decay curves have been recorded using the pulse sequence of Fig. 1b and the phase cyc1

with a pulse flip angle of aboutθ = 60◦ and the pulse delays identical with those used in the measurements with the NMR-MOUSE. The acquisition was performed
without employing a Hahn echo and the LM signals were normalized to the initial intensity of the time-domain signal. The inset shows the linear dependence on
τ2 (solid lines) for the decay curves in the initial excitation/reconversion regime.
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about 10% proving that the NMR-MOUSE can provide qua
titative values for ratios of the1H total residual dipolar cou-
plings for elastomers. We can remark here that in the reg
of long excitation times, the dipolar encoded LM decays co
be slightly different for the measurements performed with
NMR-MOUSE and high-field NMR spectrometers as a res
of a possible field dependence of the transverse relaxa
rate.

Proton dipolar encoded LM decay curves were also m
sured using the NMR-MOUSE for the natural rubber ba
NR1 in the relaxed state (extension ratioλ= 1) and strained
to λ= 2.25. The extension ratio under an uniaxial force is d
fined asλ= L/L0 where L is the length of the sample un
der the action of uniaxial forceF and L0 is the length of
the sample forF = 0. Under mechanical stress the segme
tal order is increased in elastomers (see Ref. (31, 32), and ref-
erences therein) and therefore, the residual dipolar coupl
will increase. This effect is evident in the dipolar encod
LM decay curves presented in Fig. 5. The ratio of the squa

1
of H residual dipolar couplings can be obtained from the f-

slopes of the dipolar encoded LM decays shown in the inset of
Fig. 5

〈
ω̄2

D

〉LM
λ=2.25

/〈
ω̄2

D

〉LM
λ=1
∼= 1.43.

FIG. 5. 1H normalized dipolar encoded LM decay curves for the natural rubber sample NR1 for two elongation ratiosλ = 1.00 (d) andλ = 2.25 (n) measured

elastomer. This fact is mainly a combination of two e
fects: (i) the differences in the1H residual dipolar couplings
i.e., 〈

ω̄2
D

〉DQ
λ=2.25 >

〈
ω̄2

D

〉DQ
λ=1,
by the NMR-MOUSE. The decay curves were recorded using the same pro
τ2 (solid lines) for the decay curves in the initial excitation/reconversion reg
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This value is close to the ratio〈
ω̄2

D

〉LM
λ=2.25

/〈
ω̄2

D

〉LM
λ=1
∼= 1.24

measured by the same techniques on a different natural ru
band using a Bruker DSX-200 spectrometer (33). This is due to
the different values of the cross-link density of the investiga
elastomers.

4.2. 1H Double-Quantum Build-up and Decay Curves

Proton DQ build-up curves have been recorded with
NMR-MOUSE sensor for a relaxed (i.e.,λ= 1) and stretched
(λ= 2.25) natural rubber NR1 sample. The data are sho
in Fig. 6. The low signal-to-noise ratio in the initial regim
of the build-up curves leads to errors in the estimat
of the residual dipolar couplings. Nevertheless, the D
build-up curves clearly show a dependence on theλ ra-
tio. The maxim of the DQ build-up curves (dashed lin
in Fig. 6) is shifted to an earlier time for the stretch
cedure and parameters as discussed in Fig. 3. The inset shows the linear dependence on
ime.
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FIG. 6. 1H normalized DQ built-up curves for the natural rubber sam
NR1 for two elongation ratiosλ = 1.00 (d) andλ = 2.25 (n) measured by
the NMR-MOUSE. The build-up curves have been recorded using the p
sequence of Fig. 1b and the phase cycle of Table 2. The DQ signals were
malized to the intensity of the Hahn echo recorded with the same echo tim
that used for build-up curves. The position of the maxim for each build-up c
is marked by a dashed line.

and (ii) differences in the transverse relaxation rates of
single-quantum coherences (i.e.,T2(λ= 2.25)< T2(λ= 1)). The
rt of
road
latter effect is shown in Fig. 7 where the Hahn echo decays were
recorded with the NMR-MOUSE for the two elongation ratios

times correspond to the rising part and the decaying pa
the DQ build-up curve. The angular dependences show a b
FIG. 7. 1H normalized Hahn echo decay curves of the natural rubber s
NMR-MOUSE. The inset shows the Hahn echo decays in the initial time reg
ET AL.
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discussed above. The long decay components were fitted
an exponential function and different effective transverse rel
ation timesT2(λ= 1) = 1.79 ms andT2(λ= 2.25)= 1.12 ms
are obtained.

A better signal-to-noise ratio can be obtained using
tered DQ decay curves recorded with the MERE method (12).
The data measured in the initial regime of the excitation a
reconversion periods are presented in Fig. 8. From the
ear τ 2 dependence it is possible to evaluate the ratio of
square of the residual dipolar couplings (12). We obtain the
value 〈

ω̄2
D

〉DQ
λ=2.25

/〈
ω̄2

D

〉DQ
λ=1
∼= 1.35

which is in a good agreement with the value of 1.43 measu
from dipolar encoded LM decays (see above).

It is well known that the residual dipolar and quadrupol
couplings depend on the angle between the direction of
static magnetic fieldB0 and the direction of the uniaxial ap
plied force for elastomer materials (31, 32). In the case of
NMR-MOUSE, because of theB0 inhomogeneities an effec
tive orientation angle (2) can be defined between the dire
tion of the applied force and the axis oriented perpendicu
on the permanent magnet faces. The angular dependenc
the 1H DQ filtered signals measured with the NMR-MOUS
for NR1 band withλ= 2.5 and excitation/reconversion time
of τ = 0.5 ms andτ = 1.6 ms are shown in Fig. 9. Thes
amples NR1 for two elongation ratiosλ = 1.00 (d) andλ = 2.25 (n) measured by
ime.
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FIG. 8. 1H normalized DQ decay curves of the natural rubber sample N
for two elongation ratiosλ = 1.00 (d) andλ = 2.25 (n) measured by the
NMR-MOUSE in the initial excitation/reconversion time regime. The dec
curves have been recorded using the MERE pulse sequence (12). The DQ signals
were normalized to the intensity of the Hahn echo recorded with the s
echo time as that used for the decay curves. The solid lines shows the l
dependence onτ2 for the decay curves in the initial excitation/reconversio
regime.

minimum and a broad maximum around an angle close
the magic angle of2m = 54.7◦. The rising part of the DQ
build up curve is dominated by the residual dipolar couplin
and is described by a function which contain terms of t
form

〈〈(ω̄D)2n〉〉V ∝ 〈(P2(cos2(Er )))2n〉V, (n = 1, 2, 3 . . .),

where P2(cos2(Er )) is the Legendre polynomial of second o
der in cos2(Er ). The angle2(Er ) is the angle between the lo
cal static magnetic fieldEB0(Er ) and the forceEF . The average
over the sensitive volume of the NMR-MOUSE is denoted
〈(. . .)〉V and is taking into account the distribution in the or
entation of EB0. It is obvious that the intensity of the DQ fil
tered signal has a minimum value at the magic angle2m when,
in some region of the sensitive volume,EB0 is oriented at this
angle relative toEF . Furthermore, the strong inhomogeneitie
in the orientation of the static magnetic field make the rat
SDQ(2 = 0)/SDQ(2m) and SDQ(2 = 0)/SDQ(2 = 90◦) differ-
ent from the expected2 dependence given by the Legend
polynomial of second order (cf. Fig. 9). In the decay regi
of the DQ build-up curve the intensity of the filtered signal
dominated by the transverse relaxation (T2) of the SQ coher-
ences. It was shown that 1/T2 has a strong anisotropy in ori
ented tissues (34, and references therein) having a minimu
for the magic angle. Therefore, the attenuation of the DQ

tered signal is minimum and the signal has a maximum va
as it is evident from the Fig. 9. In this regime of the excit
tion/reconversion the anisotropy of the DQ filtered signal is
LAR SPIN STATES 69
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duced compared to the initial regime because of the oppo
contribution to the signal intensity given by the residual dip
lar couplings and transverse relaxation. A detail analysis of
anisotropy is currently under investigation and will be publish
elsewhere.

4.3. 1H Dipolar Order Build-up Curves

Build-up curves of proton dipolar order originating from th
residual dipolar couplings can be measured in elastomers u
the NMR-MOUSE, i.e., in the presence of strongly inhomog
neous magnetic fields. Figure 10 shows two DO build-up cur
recorded with the pulse sequence of Fig. 2b for the NR1
NR5 samples by the NMR-MOUSE sensor (cf. Fig. 10a) and
Bruker DSX 500 spectrometer (cf. Fig. 10b). As expected,
rising initial slope of the DO build-up curve for the natural rubb
NR5 with the higher value of the crosslink density is larger th
that of the sample NR1. The position of the maxima of the cur
(dashed lines) are shifted as expected from the difference
residual dipolar couplings and transverse relaxation rates. N
ertheless, the maxima of the DO build-up curves measured
Bruker DSX 500 spectrometer are both shifted to lower val
compared to those measured with NMR-MOUSE. This effec
related to the differences between the transverse relaxation
of single-quantum coherences at 500 MHz and 20 MHz.

From Figs. 10a and 10b it is evident that the efficiency
detecting signals filtered according to DO in inhomogene
low magnetic fields is almost an order of magnitude low
compared to that of experiments performed in homogene
fields. Therefore, no effort was done to extract the ratio of

FIG. 9. Angular dependence of the1H normalized DQ build-up curves for
the natural rubber sample NR1 with elongation ratioλ = 2.5 measured by the
NMR-MOUSE. The angle between the direction of the uniaxial stress force
the axis perpendicular to the faces of the permanent magnet is denoted2.
The DQ filtered signals have been recorded using the pulse sequence of F
lue
a-
re-

and the phase cycle of Table 2 forτ = 0.5 ms (j) andτ = 1.6 ms (s). The
DQ signals were normalized to the intensity of the Hahn echo recorded with the
same echo time as that used for DQ filtered signals.
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1H residual dipolar couplings from the experiments perform
with NMR-MOUSE.

The DO build-up curves are also sensitive to the strain
elastomers. This effect is shown for the sample NR1 for the
elongation ratiosλ = 1 andλ = 2.25 (cf. Fig. 11). The max-
ima of both DO build-up curves are shifted to the shorter tim
compared to the corresponding DQ build-up curves (cf. Fig.
This effect is due to the differences in the encoding efficiency
1H residual dipolar couplings. This efficiency of dipolar enco
ing is higher for the DO build-up curves compared to that
the DQ build-up curves as can be seen from the different m
tiplication factors of the〈(ω̄D)2〉τ 2 terms in Eqs. [14] and [11],
respectively.

FIG. 10. 1H normalized DO build-up curves for the natural rubber sa
ples NR1 (s) and NR5 (m) with different crosslink densities measured by th
(a) NMR-MOUSE and (b) the Bruker DSX 500 NMR spectrometer. The bu
up curves have been recorded using the pulse sequence of Fig. 2b and the

cycle of Table 3. The DO signals were normalized to the intensity of the H
echo recorded with the same echo time as that used for the DQ build-up cu
The positions of the maxima for each build-up curve are marked by dashed l
H ET AL.
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FIG. 11. 1H normalized DO build-up curves for the natural rubber sa
ple NR1 for two elongation ratiosλ= 1.00 (d) andλ= 2.25 (n) measured by
the NMR-MOUSE. The build-up curves have been recorded using the p
sequence of Fig. 2b and the phase cycle of Table 3. The DO signals wer
malized to the intensity of the Hahn echo recorded with the same echo tim
that used for build-up curves. The positions of the maxima for each buil
curve are marked by dashed lines.

5. CONCLUSIONS

The possibility of exciting and detecting various multip
lar spin states like dipolar encoded longitudinal magnetizat
double-quantum coherences, and dipolar order in strongly
homogeneous magnetic fields was proved by experiments
the NMR-MOUSE. To partially mimic the effects of the fie
inhomogeneities on the excitation/reconversion evolution of
ious multipolar spin states the methods employed were te
on a solid-state Bruker DSX 500 NMR spectrometer using
same pulse sequences as for the NMR-MOUSE with an arbi
value of the pulse flip angle. As was shown by the evalua
of the spin system response for an ensemble of dipolar
pled spin-1/2 pairs the distribution of pulse flip angles in t
inhomogeneous magnetic fields leads to the simultaneou
citation of many spin states. The success of filtering individ
multipolar spin states in inhomogeneous fields is related ma
to the fact that even in inhomogeneous fields the phases o
radio-frequency pulses are the same for all the voxels in
sample.

This mobile NMR sensor can excite and detect DQ cohere
for more rigid solids compared to the elastomers. The limitati
are related to the death time, pulse length, and signal-to-n
ration which are currently available with this device working
low magnetic field.

Compared to MQ coherences, the LM spin state is chara
ized by a larger NMR signal which is an important feature es
cially for low-frequency NMR sensors like the NMR-MOUS
rves.
ines.

In principle, the LM spin state is excited simultaneously
for spins in isotropic and anisotropic/restricted environments.
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Nevertheless, the decay of dipolar encoded LM with incre
ing the excitation/reconversion times is related to the solid-
behavior of heterogeneous soft solids.

The possibility to detect signals filtered according to1H dipo-
lar order which originate only from the spins in the soli
like environments expands the sphere of applications of
NMR-MOUSE for measuring macroscopic properties of el
tomers and other soft solid matter affected by the segme
dynamics. The Jeener–Broekaert scheme (21) is not the only
method which can be employed to produce DO but also
abatic demagnetization in the rotating frame can be succ
fully used with the NMR-MOUSE. The efficiency of this tec
nique is expected to be higher than that of the Jeener–Broe
method.

The sensitivity of the dipolar encoded LM, DQ coherenc
and DO to differences in cross-link density and strain was sh
for samples of natural rubber. This extends the panoply of N
parameters that can be used with the NMR-MOUSE for inve
gation of elastomer materials. Moreover, the DQ filtered sign
was shown to be sensitive to the angle between the direc
of the applied uniaxial force and the direction of the axis alo
the permanent magnet poles. The possibility of recording pro
dipolar encoded LM and DQ filtered NMR signals suggests
use of the NMR-MOUSE for characterization of tissue orde
connective tissues, muscles, and blood vessels (34). These tech-
niques can be also applied to the investigation of23Na nuclei in
biological tissues.
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