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Contrast filters for NMR imaging of residual 1H dipolar cou-
lings of elastomers are introduced based on dipolar-encoded

ongitudinal magnetization, as well as double- and triple-quantum
oherences. The spin response is discussed in the initial excitation
ime regime for methylene, methyl, and methine protons applica-
le to poly(isoprene) and other elastomers, taking into account the
ierarchy of dipolar couplings and the associated editing features
f multiple-quantum experiments. The efficiency of these filters is
nvestigated for a series of cross-linked poly(isoprene) samples.
patially resolved dipolar-encoded longitudinal magnetization de-
ays and double-quantum and triple-quantum buildup curves are
resented for a phantom made of poly(isoprene) with different
ross-link densities. Two-dimensional images representing resid-
al dipolar couplings are presented using dipolar-encoded longi-
udinal magnetization, double-quantum, and triple-quantum con-
rast filters. Images from dipolar-encoded longitudinal
agnetization and triple-quantum coherences show the highest

esolution and contrast, respectively. © 1999 Academic Press

INTRODUCTION

In recent years magnetic resonance imaging has beco
outine method in medical diagnostics (1). At the same time
he potential of this technique in addressing problems in a
rea of different fields, such as material science, polym
etrochemicals, plants, and agriculture, has been realize2–
). A number of different techniques, such as magic-e
hase encoding, multiple-pulse line narrowing, magic-a
pinning, and stray field imaging, have recently been revie
5–8, and references therein). Many of these techniques
een developed for imaging of solid polymers. The nece

or the use of such demanding techniques arises from the
inewidths of 1H in these materials. In contrast, elastom
ermit the application of conventional liquid-state imag

echniques due to their reduced static linewidths resulting
combination of high segmental mobility and mostly z

rystallinity. Diverse applications of NMR imaging in ela
omers have appeared in the literature. Topics addresse
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hase separation (9), selective determination of compone
istribution in multicomponent systems (10), aging (9, 11, 12),
iodegradation (13), water uptake (14, 15), morphology and
efects (16, 17), filler distribution (18), homogeneity of cross

ink density (19–21), and stress-induced effects (22–25).
Multiple-quantum (MQ) coherences, especially dou

uantum (DQ) coherences of1H in dipolar-coupled system
ave been explored recently for investigation of residual d

ar couplings in elastomers like poly(styrene-co-butadi
26) and poly(isoprene) (27). When measured selectively fo
iven chemical structure these couplings can be correlated

he cross-link densities distribution. Moreover, the quadrup
nteraction of deuterated poly(butadiene) oligomers inco
ated into elastic rubber bands was used to generate cont

2H NMR images of local strain in stretched elastom
24, 25). Furthermore, proton as well as deuterium DQ-filte
MR imaging has been applied to map molecular orde
iological tissues (28, 29).
The goal of this paper is to introduce new1H NMR contras

lters to select signals from residual dipolar couplings
egmental protons in elastomers. The filters are based o
ecay of dipolar-encoded longitudinal magnetization and
uildup of MQ coherences. With reference to two-dimensi
2D) MQ NMR spectroscopy (30, 31) the methods reporte
elow exploit the short-time regime of MQ excitation a
econversion periods. The possibility of MQ editing of diff
nt functional groups based on the hierarchy of dipolar
lings is discussed. Parameter images of1H residual dipola
ouplings can be recorded and correlated with spatial v
ions in cross-link density of elastomers.

THEORY

Depending on the type and the timescale of the NMR
eriment the existence of an extended proton dipolar net
long the polymer chain can be shown. Recently,1H DQ
igh-resolution MAS spectra were recorded for poly(styre
o-butadiene), using recoupling pulse sequences with
xcitation times (26). These spectra directly show the existe
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433IMAGING OF RESIDUAL DIPOLAR COUPLINGS IN ELASTOMERS
f dipolar connectivities betweenall functional groups. Th
xistence of such a network was also demonstrated by NO
pectra recorded for long mixing times (32). Nevertheless,
he integral intensities of diagonal peaks are compared
hose of cross peaks all these experiments also show
xistence of a stronghierarchyof the dipolar couplings. Fu

her theoretical and experimental support for the existence
trong coupling hierarchy was given for poly(isoprene) by a1H
Q MAS spectrum recorded with a three-pulse sequence27).
One of the important features of MQ spectroscopy is

ossibility toedit the strongest dipolar couplings. This feat
s based on the fact that the efficiency of MQ pumping
onlinear function of the dipolar coupling strength. For
tance, in theinitial excitation time regime the pumping ef
iencies for DQ and TQ coherences are proportional to (Dij ) 2

nd (Dij ) 4, respectively, whereDij is the strength of the dipol
oupling between protonsi and j (33–35). Therefore, one ca
stimate that the pumping efficiency of DQ coherences
ethylene protons is about six times higher than that of m
rotons. The difference in dipolar coupling strengths is
ected to be even higher for intergroup dipolar interaction

he case of TQ coherences the maximum pumping efficien
xpected for the methyl group (35).
In the following the spin system response of a dip

etwork which generally is present in elastomers and poly
elts is discussed. The density matrix formalism is emplo
he sample is static, i.e., nonspinning. As an example c

inked poly(isoprene) is considered, which provides dipo
oupled methine, methylene, and methyl protons. But th
ults can be extended to other elastomers and polymer me
ell. The pulse sequences employed are presented in F
hey consist of an excitation, an evolution, a reconversion
detection period (Fig. 1a) (30). In this work the classica

hree-pulse sequence (30) fitted with 180° refocusing pulses
he middle of excitation and reconversion periods is use
xcitation of double- and triple-quantum coherences as w
ipolar-encoded longitudinal magnetization (Figs. 1b and

ipolar-Encoded Longitudinal Magnetization

Longitudinal magnetization (LM) can be excited by
hree-pulse sequence presented in Fig. 1b in combination
hase cycling similar to that used for selection of zero-quan
oherence (30, 31). In this case the periods of durationt are
alled dipolar encoding periods. The density operator for
sm can be used to evaluate the longitudinal magnetiza
rom CH, CH2, and CH3 protons at the end of the exitatio
econversion pulse sequence (cf. Fig. 1b) for a static sam
he existence of this longitudinal magnetization was also

denced for spin pairs12 under magic-angle sample spinn
onditions (34). The normalized, integral NMR signal detec
y half of the dipolar echo in thet 2 dimension of the exper
ent is given by (27)
Y
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he first term in the right-hand side describes the longitud
agnetization of the CH group which, in the regime of s
xcitation times, is not affected by intergroup dipolar c
lings. The second and the third terms are for the methy
nd methyl groups of poly(isoprene), respectively. The si

n the orthogonal channel has negligible intensity for close
esonance irradiation. Any relaxation of coherences du
ipolar encoding and evolution periods as well as the lon
inal relaxation is neglected. Furthermore, the intergroup
idual dipolar couplings are neglected in the equation a
ecause of their much weaker contribution to the total sig
evertheless, even in the short dipolar encoding regime
resence of thefull dipolar network can be taken into acco
see below).

FIG. 1. (a) Schematic representation of the experiment for excitatio
ipolar-encoded longitudinal magnetization and multiple-quantum cohere
his scheme is similar to that for two-dimensional MQ spectroscopy bu
sed with fixed evolution timet 1 for recording dipolar-encoded longitudin
agnetization decays and DQ and TQ buildup curves. (b) The three

equence supplemented by 180° refocusing pulses for measuring d
ncoded longitudinal magnetization and DQ-filtered magnetization with
ble excitation and reconversion timest. The phase cycles used are differ

or longitudinal magnetization and DQ experiments. (c) The three-puls
uence supplemented with 180° refocusing pulses for TQ coherence e
ents with variable excitation and reconversion timest.
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434 SCHNEIDER, DEMCO, AND BLÜMICH
An enhancedeffect of the dipolar interactions as compa
o the free induction decay is present in the signal f
ipolar-encoded longitudinal magnetization recorded with
ulse sequence of Fig. 1b. Ifn such periods are applied duri

he lifetime of the free induction decay the response is sim
o that given by Eq. [1], but with the exponents of two of
ast two terms replaced byn.

The residual dipolar couplings of methylene and me
rotons contained in Eq. [1] are given by (see, for insta
efs. (26, 27))

v# d
~2! 5

~2Î6!

2
D ~2!S~2!

k

N2a2 R 2P2~cosb! [2]

nd

v# d
~3! 5

~2Î6!

4
D ~3!S~3!

k

N2a2 R 2P2~cosb!, [3]

espectively. The dipolar coupling constantD (2) 5 (m 0/
p)g 2\(1/r ij

3) of the spin pairsij depends on the internucle
istancer ij . For methyl groups the dipolar coupling constan
iven by D (3) 5 (m 0/4p)g 2\(1/r 3), wherer is the distanc
etween the methyl protons (r 5 0.19 nm).
The dynamic order parameter is given byS(2) [ P# 2[cos

ij (t)], whereu ij (t) is the instantaneous angle between a g
nternuclear vectorr ij and the end-to-end vectorR, i.e., the
ector connecting two neighboring cross-link junctions (36).
he bar in Eqs. [2] and [3] and in the above definition
ynamic order parameter represents the time average ov
olecular reorientation which is faster than the spin-prece
eriod in the local dipolar field of the rigid lattice. This av
ging by rapid segmental motions is referred to as “prea
ging” (37). The angle betweenR andB0 is denoted byb. The
eometrical factork depends on the model which is adopte
escribe the chain statistics and is equal to3

5 for a chain o
reely jointed segments (36). The methyl order parameterS(3)

s given by the average of the second-order Legendre po
ial the argument of which contains the cosine of the a
etween the instantaneous orientation of the C3 axis and the
nd-to-end vectorR. In a disordered polymer, the end-to-e
ector is assumed to obey Gaussian statistics (37). The statis
ical average (denoted by^( . . . )&R) of the squared end-to-e
ector is given bŷ R2&R ' Na2, wherea is the length of a
tatistical segment andN is the number of the statistic
egments. Thus, the averaged residual dipolar couplings
y Eqs. [2] and [3] scales withN21. In Eq. [1], the symbo
^ && [ ^^ &V&R represents the ensemble average over
istribution of end-to-end vectors and the powder averag

he angular part of the residual dipolar coupling in the di
ered elastomer.
For short encoding times, i.e.,tiH# d

( g)i ! 1, whereg 5 2,
andiH# ( g)i is the norm of the residual dipolar Hamiltonia
d
e
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he integral signal intensity of the normalized LM decay ca
valuated from Eq. [1],

SLM~t 1 t1 1 t; t2 5 0!

< 1 2 $l 2@D
~2!Ss

~2!# 2 1 l 3@D
~3!Ss

~3!# 2

1 @intergroupDS# 2%t 2 2 · · ·

; 1 2 @D eff
LM# 2t 2 2 · · ·, [4]

here the numerical coefficients arel 2 5 21/80 andl 3 5
3/190.D eff

LM is the effective residual dipolar coupling desc
ng contributions from intergroup residual dipolar coupling
he CH, CH2, and CH3 groups. Nevertheless, the resid
ipolar couplings of methylene and methyl protons domi

he intergroup couplings (27) and the slope of the LM deca
urve versus the square of the excitation timet gives access t
weighted sum of squares of dynamic order paramete
ethylene and methyl groups.

ouble-Quantum Buildup Signal

The normalized, integral DQ NMR signal detected by ha
he dipolar echo in thet 2 dimension of the experiment pr
ented in Fig. 1b can be evaluated in the same manner
M signal. For a short evolution timet 1 the DQ signal
riginating from the CH2 and CH3 groups are given by (for th
etails of the evaluation see Refs. (27, 34, 35))

SDQ~2t; t2 5 0! <
1

2
KKsin2F Î3

2
v# d

~2!tGLL
1

3

10
^^sin2@Î6 v# d

~3!t#&&. [5]

In the limit of a short excitation time, i.e., forv# d
( g)t ! 1 with

5 2, 3, the DQ signal can be evaluated from Eq. [5], and
an finally write

SDQ~2t; t2 5 0! < $d2@D
~2!Ss

~2!# 2 1 d3@D
~3!Ss

~3!# 2

1 @intergroupDS# 2%t 2 2 · · ·

; @D eff
DQ# 2t 2 2 · · ·, [6]

here the numerical coefficients ared2 5 21/40 andd3 5
/ 200. An effective residual dipolar couplingD eff

(DQ) can be
ntroduced describingall the active residual dipolar couplin
his effective coupling is not identical withD eff

(LM) , because th
ipolar network is edited differently by these experiments.
elative contributions of the two more intense DQ cohere
an be estimated for theinitial excitation time regime consi
ring thatSs

(2) ' Ss
(3) (27), and that the interproton distances

ethylene and methyl groups are 0.18 and 0.19 nm, re
ively. One obtains the ratio (d /d )(D (3)/D (2)) 2 ' 0.08; i.e.,
3 2



t na
d im
r ima
t rde
p

T

fro
i . 1
I s a
d

tri
r be
e
c f t
i tio
p siv
m tim
o fo
s be
fi

T gra
i rt
e

w
c d t
b s.
t th
g in
t

al
r ohe
e ola
e Fo
i unt
m nc
t ax-
a

S

cially
a e
s olec-
u ro-
m
4 d
2 t
2 ism.
T CP)
o of
D link
s ed at
1 the
r

ional
( was
m d by
T the
s ut 15
m mm,
r

N

o g a
m room
t
K LM
d the
p e (cf.
F
r erac-
t eld
i hase
c the
e

E
T
C

435IMAGING OF RESIDUAL DIPOLAR COUPLINGS IN ELASTOMERS
he contribution from the methyl protons to the total DQ sig
etected is estimated from theory from this excitation t
egime to be in the order of 8%. Hence, in a good approx
ion the DQ buildup gives direct access to the dynamic o
arameter of the CH2 groups in the short-time regime.

riple-Quantum Buildup Signal

Triple-quantum coherences can be excited starting
nitial z magnetization using the sequence depicted in Fig
n the regime of short excitation times the TQ coherence
erived mainly from the methyl protons.
For this pulse sequence the spin response of a proton

apidly rotating around the C3 axis in a static sample can
valuated similar to that of DQ coherences (35). The TQ
oherence is a total spin coherence in the approximation o
solated methyl group and does not evolve during the evolu
eriodt 1. Nevertheless, the dipolar couplings with the pas
ethyl proton as well as the remote protons affect the life
f these coherences (35). These effects can be neglected
hort evolution timest 1. The normalized TQ signal can
nally written as (27)

STQ~2t; t2 5 0! <
27

320
^^@cos@Î6 v# d

~3!t# 2 1# 2&&. [7]

he normalization is taken with respect to the total inte
ntensity of the 1H NMR spectrum. In the limit of sho
xcitation times the TQ filtered signal is given by

STQ~2t; t2 5 0!

< $r 3@D
~3!Ss

~3!# 4 1 @intergroupDS# 4%t 4 2 · · ·

; @D eff
TQ# 4t 4 2 · · ·, [8]

herer 3 5 39/4. Aneffective residual dipolar couplingD eff
(TQ)

an be introduced for the full dipolar network. It is expecte
e dominated by the TQ coherences of the methyl proton

his approximation, the dynamic order parameter of the me
roup can be estimated from the normalized TQ buildup

ensities.
In order to describe thet dependence of the detected sign

elaxation has to be considered for the single-quantum c
nces as well as for the MQ coherences and the dip
ncoded LM in all periods of the experiment (cf. Fig. 1a).

nstance, transverse relaxation has been taken into acco
ultiplying the detected signal with a global relaxation fu

ion exp{22t /T# 2}, where T# 2 is the average transverse rel
tion time of the SQ coherences.
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EXPERIMENTAL

amples and Phantom

The elastomer system investigated is based on commer
vailable synthetic 1,4-cis-poly(isoprene). According to th
pecifications of the manufacturer this elastomer has a m
lar weightMw ' 952 110 g/mol (GPC–gel permeation ch
atography) and a molecular weight distributionMw/M n 5
.35. The repetition units were 97.5%cis-1,4-isoprene an
.5% 3,4-isoprene. The glass transition temperatureTg is abou
10 K. Cross-linking was achieved by a radical mechan
he initiator system consisted of 40% dicumylperoxid (D
n kaolin as a carrier material (DICUP). The amounts
ICUP for individual poly(isoprene) samples in the cross-
eries are listed in Table 1. The samples were vulcaniz
50°C until 90% of the maximum torque was achieved on
heometer curve for the respective sample.

The phantom used for spatially resolved one-dimens
1D) decay and buildup curves and parameter 2D images
ade from cylindrical poly(isoprene) samples separate
eflon spacers in the order B-C-A, where A, B, and C are
amples defined in Table 1. The phantom diameter is abo
m and the thickness of samples and spacers is 4 and 1

espectively.

MR Experiments

The NMR measurements were performed at a1H frequency
f 200.085 MHz on a Bruker DSX-200 spectrometer usin
icroimaging probe. The measurements were done at

emperature (T 5 293 K), which corresponds toT ' Tg 1 80
for the elastomers investigated. The dipolar-encoded

ecays and DQ buildup intensities were recorded with
ulse sequence in Fig. 1b. It is based on the general schem
ig. 1a) of MQ 2D NMR spectroscopy (30, 31). The 180°
adiofrequency pulses refocus the chemical shielding int
ion as well as the spin interaction with the magnetic fi
nhomogeneities. For filtering SQ and MQ coherences p
ycling was used in combination with CYCLOPS. In
xperiments using longitudinal magnetizationT relaxation

TABLE 1
Series of Cross-Linked Synthetic Poly(isoprene) Samples and

ffective Residual Dipolar Couplings Extracted from the Short-
ime Regime of LM Decay Curves and DQ and TQ Buildup
urves

Sample DICUP content (phr) D eff
LM (Hz)a D eff

DQ (Hz)b D eff
TQ (Hz)b

A 0.75 307 257 120
B 3.75 356 349 155
C 7.5 547 1412 220

a Uncertainties are#10%.
b Uncertainties are#20%.
1
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436 SCHNEIDER, DEMCO, AND BLÜMICH
as neglected. The TQ coherence buildup intensities
easured using the same pulse sequence as in Fig. 1b bu
90° phase shift of the last 90° pulse in the excitation pe

Fig. 1c). In order to support DQ and TQ editing the irradia
requency was set at the resonance frequencies of meth
rotons and methyl protons in the respective experim
oreover, DQ and TQ buildup curves were recorded s

ately for each sample by taking the integral intensities o
bsorption NMR spectra around the CH2 and CH3 resonances
espectively.

The 90° pulse length for investigations of contrast fi
fficiency and image acquisitions was 2.52 and 33ms, respec

ively. A recycle delays of 1.5 s was used in all experime
he evolution time was fixed tot 1 5 10 ms andt 1 5 100 ms

n the experiments for measuring LM decays and DQ bui
ntensities. In order to avoid relaxation of TQ coherences
uration of the evolution timet 1 was reduced to 50ms. In all
xperiments the excitation and reconversion times were v

n the range from 2ms to 2.3 ms.
Transverse magnetization decays encoded by both re

ipolar interactions as well as molecular motions were
orded using the Hahn-echo pulse sequence (2). This pulse
equence was applied for variable delays between exci
nd refocusing pulses in the range from 5ms to 8 ms, and th

ntegral intensities derived from the Fourier transform of
ull Hahn echoes were used as data entries.

1D spatially resolved1H filter curves were recorded with
ulse sequence which combines the pulse sequences us
ipolar-encoded LM decays and DQ and TQ buildup cu
cf. Figs. 1b and 1c) with imaging by frequency encod
ased on the Hahn spin echo (see below). For 2D para

mages a phase-and-frequency encoding procedure was
2). The microimaging unit consisted of a homebuilt grad
oil system. In all images the spatial resolution was about
m in both directions with a field of view of about (20 mm2.
he maximum achievable gradient strength was approxim
3 mT/m. The gradient was stepped through 64 gradient
es. For parameter and spin-echo images the space encot i

ime (see below) was 0.8 ms. The total duration for acquis
f 2D filtered images was on the order of 5 h.

RESULTS AND DISCUSSION

ilter Efficiency

MQ editing of the different functional groups can be de
nstrated by recording1H MQ-filtered spectra. In Fig. 2 th
00-MHz 1H NMR spectrum is presented for the static po
isoprene) A sample of Table 1. The spectrum is not reso
ut is approximately symmetric except for a shoulder co
ponding to theOCHA resonance positioned at about 3.3 p
ff center from the main peak. For 1,4-cis-poly(isoprene) (la

ex) the corresponding high-resolution spectrum in solu
hows four lines: one at 5.2 ppm (relative to HMDS)
re
ith
d

ne
ts.
a-
e

r

.

p
e

ed

ual
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on
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for
s
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t
0

ly
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CHA, two lines at 2.2 and 2.15 ppm forOCH2O, and one
t 1.75 ppm corresponding to™CH3 functional groups. How
ver, for all samples from our cross-link series of synth
oly(isoprene) the CH2 and CH3 resonances, separated
bout 0.5 ppm, are not resolved for the static samples.
Proton DQ- and TQ-edited spectra are also presented in

. The MQ-filtered spectra were recorded using the p
equence of Fig. 1b for DQ and of Fig. 1c for TQ coheren
ith a fixed evolution timet 1 of 100 ms and short excitation
nd-reconversion timest 5 50 ms. The integral intensities

he spectra are normalized to the DQ-edited spectrum (31, in
ig. 2). The static1H spectrum (30.5) and TQ-edited spectru
34) are also shown in Fig. 2. It is evident that the rela
ntensity of the signals follows the expected dependence g
y Eqs. [5] and [7]. The DQ-filtered signal is centered clos

he CH2 resonance. The TQ-filtered signal is also centere
he vicinity of the methyl resonance. Both spectra are sym
ic to a high degree. Nevertheless, the separation of the
s slighter larger than the expected 0.5 ppm. These re
rove that in the regime of short excitation times the
oherences are excited mainly from the strongest dip
oupled protons, i.e., from methylene groups. Neverthe
Q coherences corresponding to the intergroup proton

onging to CH, CH2, and CH3 groups as well as from proto
ithin CH3 groups are excited to a smaller degree, as
enced by the wings of the DQ-filtered spectrum in the re
f these resonances. For an increased excitation-and-rec
ion time oft 5 1.5 ms the DQ- as well as TQ-filtered spec
not shown) are broader with the more pronounced wings i
eighboring regions showing delocalized pumping of DQ
Q coherences.
In order to characterize the filter efficiency dipolar-enco

M decay curves were measured for a series of cross-li
ynthetic poly(isoprene) samples. The decays for three sa

FIG. 2. DQ (31)- and TQ (34)-filtered1H NMR spectra in the regime
hort excitation and reconversion times (t 5 50ms) and the1H NMR spectrum
30.5) recorded for synthetic poly(isoprene) (sample A in Table 1).
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ith cross-link densities (Table 1) are shown in Fig. 3a
elevant values of the excitation timet. The LM decays ar
ncoded by the intra- and intergroup dipolar couplings as
s by transverse relaxation during dipolar encoding tim
hey are sensitive to cross-link density. In the short-t
egime the dipolar-encoded LM decays show a linear de
ence int2, in accordance with Eq. [4]. For longer dipo
ncoding times a deviation from this dependence arises w

s more pronounced as cross-linked density increases
ecorded signals exhibit good signal-to-noise ratio and pe
xtraction of the effective residual dipolar couplingsD eff

LM (cf.
q. [4]) from thet2 dependence of the decay curves. Th
ffective couplings characterizing the full dipolar network

isted in Table 1. The sensitivity of LM decays to resid
ipolar couplings in the limit of short encoding times is hig

han that of DQ and TQ buildup curves due to contribut
rom all functional groups.

DQ buildup curves for the same samples have been
ured for the full range of excitation timest and are shown i
ig. 3b. The maxima of the DQ signals arise from (i)

ransverse relaxation during excitation and reconversion t
nd (ii) the excitation of high-order MQ coherences in
ipolar network of coupled protons. The first process is d

nant in elastomers. The systematic dependence of the
ltered signal intensity on the excitation timet can be ex
loited for generation of contrast in imaging of differen
ross-linked elastomers. The effective dipolar couplingsD eff

DQ

an be evaluated from these DQ buildup curves by fitting
urves with a polynomial int2. The values ofD eff

DQ obtained in
his way are collected in Table 1.

TQ buildup curves for characterization of the efficiency
ontrast filter based on residual dipolar couplings are show
ig. 3c. A clear dependence of the curves on the cross
ensity is found similar to the case of the DQ buildup cur
ffective residual dipolar couplingsD eff

TQ were obtained b
tting the data in the initial time regime by a polynomial int4

see Eq. [8]). The values ofD eff
TQ for the samples of the cros

ink series are collected in Table 1. In all of these as well a
ther cases (27) the measured residual dipolar couplings sh
linear proportionality to the cross-link density in good

roximation.
The results above demonstrate that contrast filters bas

esidual dipolar couplings can be implemented using dip
ncoded LM decays and DQ and TQ coherence buildup.
M decays are expected to provide the highest signal-to-n
atio and consequently the highest resolution in NMR imag
he residual dipolar coupling contrast for LM decays and
uildup curves in the excitation time regions marked by da

ines in Figs. 3a and 3b is about the same. In region I (cf.
b) the contrast is changing in the same direction as cros
ensity. This is not the case for region II (cf. Fig. 3b) where
ign of the intensity differences has changed in one case s
he resultant image intensity cannot directly be correlated
he values of cross-link density. The highest contrast is off
r
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FIG. 3. (a) 1H dipolar-encoded longitudinal magnetization decay cu
ecorded using the pulse sequence of Fig. 1b with a phase cycle for
uantum coherence. (b)1H DQ buildup curves recorded by the three-pu
equence of Fig. 1b. (c)1H TQ buildup curves recorded by using the pu
equence of Fig. 1c. The DQ and TQ signals are normalized to the in
ntensity of the SQ NMR spectrum for each sample. A series of samples
ynthetic poly(isoprene) with different cross-link densities (cf. Table 1)
nvestigated.



b si
e te
o
a
a TQ
s nal
T lar
e an
v de
t

I

p
c we
r be
u tio
T sp
r NM
i (c
F TQ
fi ing
fi se
q
fi

rve
a tion
T sur
o lin
s th
b
o c-

t the
m LM,
D rom
t e
b ipolar
c
c
r di-
c erted
f ted,
t Fig.
7 than
t r
e d by
t

P

omer
s be

top).
T M
( f the
p . The
d 4b.

res
u uls
f
s

438 SCHNEIDER, DEMCO, AND BLÜMICH
y the TQ buildup curves. This can be understood by con
ring the initial excitation time regime where the buildup ra
f TQ signals are proportional to (D eff

TQ) 4 compared to the DQ
nd LM filters where the rates are proportional with (D eff

DQ) 2

nd (D eff
LQ) 2. Nevertheless, the signal-to-noise ratios for

ignals are much weaker than those for LM and DQ sig
he sensitivity to the cross-link density is higher for dipo
ncoded LM and MQ signals compared to contrast from tr
erse relaxation only, because the LM and DQ filters inclu
ransverse relaxation weight.

mages Weighted by Residual Dipolar Couplings

Spatially resolved1H LM decays, DQ and TQ buildu
urves, and images encoded by residual dipolar couplings
ecorded with the pulse sequence shown in Fig. 4. It has
sed for experiments with 1D as well as 2D spatial resolu
he principle of the method is a classical combination of a
esponse encoded by residual dipolar couplings and an
maging technique for the generation of spatial resolution
ig. 4a) (2, 38). The pulse sequences used for LM, DQ, and
lters (cf. Figs. 1b and 1c) have been modified by append
nal flip-back 90° pulse to the filters (cf. Fig. 4b). The sub
uent dephasing period of durationt0 forms an additionalz
lter.
Dipolar-encoded LM decays and DQ and TQ buildup cu

re shown at the top of Figs. 5 to 8 with 1D spatial resolu
o a good approximation they reproduce the curves mea
n the individual samples of the poly(isoprene) cross-
eries without space encoding (cf. Fig. 3). The middle and
ottom parts of Figs. 5 to 8 depict 2D1H NMR images
btained with LM, DQ, TQ, andT* contrast filters, respe

FIG. 4. (a) General scheme used for recording images weighted by
al dipolar couplings. (b) Three-pulse sequence with 180° refocusing p

or filtering according to residual dipolar couplings followed by az filter and
pace encoding by 2D spin-echo imaging.
2

d-
s

s.
-
s-
a

re
en
n.
in
R
f.

a
-

s
.
ed
k
e

ively. The highest contrast is observed for the images in
iddle of each figure. This is related to the fact that the
Q, and TQ contrast filters also include contrast weights f

ransverse relaxation. Because LM andT*2 contrast filters ar
oth based on signal decays the contrast from residual d
oupling in Fig. 5 is going in the same direction as theT*2
ontrast for any value of dipolar encoding times. Thet value
ecommended for maximum contrast by the LM filter is in
ated by a dashed line in Fig. 3a. The contrast scale is inv
or DQ and TQ filters which use buildup curves. As expec
he highest contrast is shown for the TQ-filtered image (cf.
). Nevertheless, the image has lower spatial resolution

he images presented in Figs. 5 and 6. Thet values chosen fo
xcitation are indicated by the dashed line I in Fig. 3b an

he dashed line in Fig. 3c.

arameter Images of Residual Dipolar Couplings

Parameter images of residual dipolar couplings in elast
amples with spatially distributed cross-link density can

FIG. 5. Spatially resolved curves of dipolar-encoded LM decays (
wo-dimensional images weighted by1H residual dipolar couplings using L
middle) and a spin-echo image (bottom). From left to right the signals o
hantom correspond to samples B, C, and A (cf. Table 1), respectively
ata were recorded with the pulse sequence shown in Fig. 1b and Fig.

id-
es
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439IMAGING OF RESIDUAL DIPOLAR COUPLINGS IN ELASTOMERS
btained if several images are recorded with different ex
ion times. In order to eliminate spin density and transv
elaxation encoding aT*2-filtered image needs to be recorded
ell. Each pixel of the LM- DQ- and TQ-filtered imag

ecorded by the scheme presented in Fig. 4 has to be divid
he spin-echo imager(r )R(2t), where r(r ) is the spatially
istributed spin density andR(2t) is the effective relaxatio

unction which accounts for transverse relaxation in phase
requency encoding. Proton parameter images of residu
olar couplings of the elastomer phantom obtained in this

rom the images of Figs. 5 to 7 are shown in Fig. 8. All
mages now show less contrast because the effects of
ensity and transverse relaxation are eliminated. The fac

he contrast differs in each image is attributed to the diffe
xcitation timest, as a result of which the dipolar coupli
ierarchy is probed on different length scales.

FIG. 6. Spatially resolved curves of dipolar-encoded DQ buildup (t
wo-dimensional images weighted by1H residual dipolar couplings using D
oherences (middle) and a spin-echo image (bottom). From left to righ
ignals of the phantom correspond to samples B, C, and A (cf. Tab
espectively. The data were measured with the pulse sequence shown in
nd Fig. 4b.
-
e

s

by

nd
di-
y

pin
at
t

CONCLUSIONS

New residual dipolar coupling contrast filters based on
olar-encoded longitudinal magnetization decay curves
Q and TQ buildup curves of1H are introduced. They sho
ifferent filtering efficiency versus cross-link density. T
ost sensitive is the TQ contrast filter as a result of

haracteristic functional dependence of the filtered signa
he dipolar coupling. The highest signal-to-noise ratio is
ided by the contrast filter for dipolar-encoded longitud
agnetization. For all filters the contrast is enhanced by t

erse relaxation during the excitation-and-reconversion
ds. The pulse sequence used for these filters are based
lassical three-pulse sequence of multi-quantum NMR s
roscopy. The efficiency in pumping MQ coherences ca

FIG. 7. Spatially resolved curves of dipolar-encoded TQ buildup (t
wo-dimensional images weighted by1H residual dipolar couplings using T
oherences (middle) and a spin-echo image (bottom). From left to righ
ignals of the phantom correspond to samples B, C, and A (cf. Tab
espectively. The data were measured with the pulse sequence shown in
nd Fig. 4b.

.

e
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440 SCHNEIDER, DEMCO, AND BLÜMICH
ncreased if, for instance, an eight-pulse sequence is used31).
oreover, many dipolar encoding periods can be used
nhancing the effect of residual dipolar couplings on long
inal magnetization decays.
Dipolar-encoded LM decays and DQ and TQ buildup cu
ere recorded for cross-linked elastomers with and wit
pace encoding. The corresponding curves compare wel
ach other. Proton residual dipolar couplings can be mea
ith spatial resolution when exploring the initial time behav
f LM and MQ signals. In this time limit the MQ signals c
e approximately assigned to specific chemical groups, so
ignals can be edited by MQ filters based on the dip
oupling strength. The values of residual dipolar couplings
e measured model free. This is not the case with o
ethods for recording material property images of cross-lin
olymers (20, 21). These techniques are based on transv
elaxation and spin–lattice relaxation in the rotating frame
se models for the molecular dynamics of the polymer
ork. Nevertheless, MQ methods suffer from intrinsic
ignal-to-noise ratio which is more accentuated in elasto
y the small values of dipolar couplings.
NMR images weighted by1H residual dipolar couplings a

FIG. 8. Parameter images of1H residual dipolar couplings measured
he elastomer phantom using the LM, DQ, and TQ contrast filters shown i
. These parameter images have been obtained by normalization of the

rom Figs. 5 to 7 (middle) to the spin-echo image weighted by trans
elaxation (bottom in Figs. 5 to 7). For each image the scale of residual d
ouplings is shown.
or
-

s
t

ith
red
r

at
r
n

er
d

se
d
t-

rs

ell as parameter images can be obtained for elastome
easonable times. By using a homogeneously cross-linked
omer sample with a known value of the residual dip
oupling as a reference the need for recording several im
ith different excitation times is avoided. The possibility
easuring parameter NMR images of1H residual dipolar cou
lings on static samples avoiding MAS opens up the possi
f investigating stress–strain effects in heterogeneous

omers. Moreover, the contrast in images of residual dip
ouplings can directly be correlated with the spatial distr
ions of cross-link density and with viscoelastic propert
welling of elastomers by deuterated spy molecules which
odify the network properties is avoided.
The methods discussed above are applicable in gene

artially averaged dipolar interactions and can be applie
tudying segmental order in a variety of polymer netwo
ithout the need for isotopic labeling, sample rotation, or
se of cross-polarization. Proton parameter imaging of con

ive tissues such as cartilage and tendons with contrast
ipolar-encoded LM, DQ, and TQ filters can be envisage
etect molecules associated with ordered structures.
long these lines is in progress.
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4. P. Blümler, B. Blümich, R. Botto, and E. Fukushima, “Spatially
Resolved Magnetic Resonance,” Wiley–VCH, Weinheim (1998).
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