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Contrast filters for NMR imaging of residual *H dipolar cou-
plings of elastomers are introduced based on dipolar-encoded
longitudinal magnetization, as well as double- and triple-quantum
coherences. The spin response is discussed in the initial excitation
time regime for methylene, methyl, and methine protons applica-
ble to poly(isoprene) and other elastomers, taking into account the
hierarchy of dipolar couplings and the associated editing features
of multiple-quantum experiments. The efficiency of these filters is
investigated for a series of cross-linked poly(isoprene) samples.
Spatially resolved dipolar-encoded longitudinal magnetization de-
cays and double-quantum and triple-quantum buildup curves are
presented for a phantom made of poly(isoprene) with different
cross-link densities. Two-dimensional images representing resid-
ual dipolar couplings are presented using dipolar-encoded longi-
tudinal magnetization, double-quantum, and triple-quantum con-
trast filters. Images from dipolar-encoded longitudinal
magnetization and triple-quantum coherences show the highest
resolution and contrast, respectively. © 1999 Academic Press

INTRODUCTION

phase separatiorQ), selective determination of component
distribution in multicomponent system#Q), aging 0, 11, 13,
biodegradation 13), water uptake X4, 15, morphology and
defects 16, 17, filler distribution (L8), homogeneity of cross-
link density (19-21), and stress-induced effect22-25.

Multiple-quantum (MQ) coherences, especially double
qguantum (DQ) coherences &l in dipolar-coupled systems,
have been explored recently for investigation of residual dipc
lar couplings in elastomers like poly(styrene-co-butadiene
(26) and poly(isoprene)(7). When measured selectively for a
given chemical structure these couplings can be correlated wi
the cross-link densities distribution. Moreover, the quadrupolz
interaction of deuterated poly(butadiene) oligomers incorpc
rated into elastic rubber bands was used to generate contras
’H NMR images of local strain in stretched elastomer:
(24, 25. Furthermore, proton as well as deuterium DQ-filterec
NMR imaging has been applied to map molecular order i
biological tissues48, 29.

The goal of this paper is to introduce néw NMR contrast
filters to select signals from residual dipolar couplings o

In recent years magnetic resonance |mag|ng has becon@gmental pl‘OtOI’]S in elastomers. The filters are based on |

routine method in medical diagnostick).(At the same time, decay of dipolar-encoded longitudinal magnetization and th
the potential of this technique in addressing problems in a wifgildup of MQ coherences. With reference to two-dimensionz
area of different fields, such as material science, polymeftdD) MQ NMR spectroscopy30, 3] the methods reported
petrochemicals, plants, and agriculture, has been realzed pelow exploit the short-time regime of MQ excitation and
4). A number of different techniques, such as magic-ectigconversion periods. The possibility of MQ editing of differ-
phase encoding, multiple-pulse line narrowing, magic-angft functional groups based on the hierarchy of dipolar col
spinning, and stray field imaging, have recently been reviewBlings is discussed. Parameter images'téfresidual dipolar
(5-8 and references therein). Many of these techniques h&®plings can be recorded and correlated with spatial vari
been developed for imaging of solid polymers. The necessfns in cross-link density of elastomers.

for the use of such demanding techniques arises from the large
linewidths of 'H in these materials. In contrast, elastomers
permit the application of conventional liquid-state imaging
techniques due to their reduced static linewidths resulting fromDepending on the type and the timescale of the NMR e

a combination of high segmental mobility and mostly zerggiment the existence of an extended proton dipolar netwo

crystallinity. Diverse applications of NMR imaging in elas'along the polymer chain can be shown. Recently, DQ

tomers have appeared in the literature. Topics addressed [h-resolution MAS spectra were recorded for poly(styrene

co-butadiene), using recoupling pulse sequences with lor
excitation times26). These spectra directly show the existence
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of dipolar connectivities betweeall functional groups. The 2
existence of such a network was also demonstrated by NOESY
spectra recorded for long mixing time82). Nevertheless, if

the integral intensities of diagonal peaks are compared with
those of cross peaks all these experiments also show the -3 :
existence of a strongierarchy of the dipolar couplings. Fur- : | it
ther theoretical and experimental support for the existence o[))a

strong coupling hierarchy was given for poly(isoprene) Bida o° 180°
DQ MAS spectrum recorded with a three-pulse sequeBee ( E *

excitation evolution detection

reconversion
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"
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One of the important features of MQ spectroscopy is the
possibility toedit the strongest dipolar couplings. This feature
is based on the fact that the efficiency of MQ pumping isa | ©/2
nonlinear function of the dipolar coupling strength. For in-
stance, in thenitial excitation time regime the pumping effi-
ciencies for DQ and TQ coherences are proportionaDi){ 0
and ©")*, respectively, wher®" is the strength of the dipolar 90°
coupling between protorisandj (33-35. Therefore, one can
estimate that the pumping efficiency of DQ coherences for
methylene protons is about six times higher than that of methyl _£
protons. The difference in dipolar coupling strengths is ex- ¢ /2
pected to be even higher for intergroup dipolar interactions. In
the case of TQ coherences the maximum pumping efficiency i§IG. 1. (a) Schematic representation of the experiment for excitation o
expected for the methyl grouBy). dipolar-encoded longitudinal magnetization and multiple-quantum coherence

. P . This scheme is similar to that for two-dimensional MQ spectroscopy but it i
In the following the spin system response of a dlpOlau'}s]ed with fixed evolution time, for recording dipolar-encoded longitudinal

nEtWO_rk V\_/hiCh generally is pr_esent ir? elaStOmerS _and p0|ymrﬁ5gnetization decays and DQ and TQ buildup curves. (b) The three-pul
melts is discussed. The density matrix formalism is employegkquence supplemented by 180° refocusing pulses for measuring dipol
The sample is static, i.e., nonspinning. As an example crosscoded longitudinal magnetization and DQ-filtered magnetization with var

linked poly(isoprene) is considered. which provides dipola?p'e excitation and reconversion timesThe phase cycles used are different
led thi thvl d ' thvl t But th for longitudinal magnetization and DQ experiments. (c) The three-pulse s
coupled methine, metnylene, and metnyl protons. bu e rcﬁfence supplemented with 180° refocusing pulses for TQ coherence expe

sults can be extended to other elastomers and polymer meltgasis with variable excitation and reconversion times
well. The pulse sequences employed are presented in Fig. 1.
They consist of an excitation, an evolution, a reconversion, and

a detection period (Fig. 1aB0Q). In this work the classical Su(t+t,+1t,=0)
three-pulse sequencg() fitted with 180° refocusing pulses in
i ot : ; : 1 1 3
the middle of excitation and reconversion periods is used for ~~+ = {{codl 2 a@r
excitation of double- and triple-quantum coherences as well as 8 2 27¢
dipolar-encoded longitudinal magnetization (Figs. 1b and 1c). 3 3 272
+8<<|:5C0§\%w()7]+5] >> [1]

Dipolar-Encoded Longitudinal Magnetization
The first term in the right-hand side describes the longitudine
Longitudinal magnetization (LM) can be excited by thenagnetization of the CH group which, in the regime of shor
three-pulse sequence presented in Fig. 1b in combination wékcitation times, is not affected by intergroup dipolar cou
phase cycling similar to that used for selection of zero-quantysiings. The second and the third terms are for the methyler
coherence 30, 3). In this case the periods of duratienare and methyl groups of poly(isoprene), respectively. The sign:
called dipolar encoding periods. The density operator formah the orthogonal channel has negligible intensity for close-tc
ism can be used to evaluate the longitudinal magnetizatiorgonance irradiation. Any relaxation of coherences durin
from CH, CH,, and CH protons at the end of the exitation/dipolar encoding and evolution periods as well as the longitt
reconversion pulse sequence (cf. Fig. 1b) for a static sampdénal relaxation is neglected. Furthermore, the intergroup re
The existence of this longitudinal magnetization was also esidual dipolar couplings are neglected in the equation aboy
idenced for spin pairg under magic-angle sample spinningbecause of their much weaker contribution to the total signe
conditions 84). The normalized, integral NMR signal detectedNevertheless, even in the short dipolar encoding regime tt
by half of the dipolar echo in the, dimension of the experi- presence of théull dipolar network can be taken into account
ment is given by Z7) (see below).
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An enhanceceffect of the dipolar interactions as comparethe integral signal intensity of the normalized LM decay can b
to the free induction decay is present in the signal froevaluated from Eq. [1],
dipolar-encoded longitudinal magnetization recorded with the
pulse sequence of Fig. 1b.rffsuch periods are applied during g (7 +t, + 7; t, = 0)
the lifetime of the free induction decay the response is similar

to that given by Eq. [1], but with the exponents of two of the ~1—{I[D?SP]?+ I[DPS{]?

last two terms replaced hy. + [intergroupDS] %72 — - - -
The residual dipolar couplings of methylene and methyl M2
protons contained in Eq. [1] are given by (see, for instance, =1-[Del "=, [4]
Refs. 6, 27)
where the numerical coefficients arg = 21/80 andl; =
=& 63/190.D{ is the effective residual dipolar coupling describ-
_ (—6) . eff : . . ;
0@ = —5 D @s®? NZaZ R?P,(cospB) [2] ing contributions from intergroup residual dipolar couplings of

the CH, CH, and CH groups. Nevertheless, the residual
dipolar couplings of methylene and methyl protons dominat

and the intergroup couplings2{) and the slope of the LM decay
. curve versus the square of the excitation tinggves access to
(—6) a weighted sum of s fd ic ord t
—3 _ Ty Bad) 2 g quares of dynamic order parameters
©d 4 DS RzeR Pa(cosp), [3] methylene and methyl groups.
respectively. The dipolar coupling constam® = (u,/ Double-Quantum Buildup Signal

4m)y*h(1/r) of the spin pairsj depends on the internuclear The normalized, integral DQ NMR signal detected by half o

distancer;;. For methyl groups the dipolar coupling constant ig,e dipolar echo in the, dimension of the experiment pre-

given byD® = (uo/4m)y*h(1/r?), wherer is the distance gented in Fig. 1b can be evaluated in the same manner as-

between the methyl protons & 0.19 nm). _ LM signal. For a short evolution time, the DQ signals
_The dynamic order parameter is given BY = P2[cos  originating from the CHand CH, groups are given by (for the

6"(t)], where'(t) is the instantaneous angle between a givV&jhtails of the evaluation see Ref&7( 34, 35)

internuclear vector; and the end-to-end vectd, i.e., the

vector connecting two neighboring cross-link junctio$)( 1 3

The ba_lr in Egs. [2] and [3] and in the e_lbove definition of Soo(27; t, = 0) = 5 <<sin2[ \ga,gznr}»

dynamic order parameter represents the time average over the

molecular reorientation which is faster than the spin-precession 3

period in the local dipolar field of the rigid lattice. This aver- + 10 {(sin? V6 @P7])). [5]

aging by rapid segmental motions is referred to as “preaver-

aging” (37). The angle betweeR andB, is denoted by3. The . o . _ .

geometrical factok depends on the model which is adopted to In the limit of a s_hort excitation time, i.e., fasi” < 1 with

describe the chain statistics and is equak for a chain of 9= 2 3, the .DQ signal can be evaluated from Eg. [5], and on

freely jointed segments36). The methyl order paramet&® " finally write

is given by the average of the second-order Legendre polyno-

mial the argument of which contains the cosine of the angle Sbo(27; t, = 0) = {d;[D@SZ]? + dy[ D ¥S{]?

between the instantaneou_s orientation of thea&is and the + [intergroupDS] 2 r2 — - - -

end-to-end vectoR. In a disordered polymer, the end-to-end

vector is assumed to obey Gaussian statisB8d@%. (The statis-

tical average (denoted Ky - - - ))g) of the squared end-to-end

vector is given by{R*; ~ Na’, wherea is the length of a where the numerical coefficients ade = 21/40 andd; =

statistical segment andll is the number of the statistical9/200. An effective residual dipolar couplin®$® can be

segments. Thus, the averaged residual dipolar couplings givetnoduced describingll the active residual dipolar coupling.

by Egs. [2] and [3] scales withN"*. In Eq. [1], the symbol This effective coupling is not identical with ", because the

« ) =  )a)r represents the ensemble average over th@olar network is edited differently by these experiments. Th

distribution of end-to-end vectors and the powder average refative contributions of the two more intense DQ coherence

the angular part of the residual dipolar coupling in the disocan be estimated for thaitial excitation time regime consid-

dered elastomer. ering thatS? ~ S¥ (27), and that the interproton distances of
For short encoding times, i.efH{?| < 1, whereg = 2, methylene and methyl groups are 0.18 and 0.19 nm, respe

3 and|H{?| is the norm of the residual dipolar Hamiltoniantively. One obtains the ratiod¢/d,)(D®/D®)? ~ 0.08;i.e.,

(D~ -, 6]
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the contribution from the methyl protons to the total DQ signal TABLE 1

detected is estimated from theory from this excitation time Series of Cross-Linked Synthetic Poly(isoprene) Samples and
regime to be in the order of 8%. Hence, in a good approximaffective Residual Dipolar Couplings Extracted from the Short-
tion the DQ buildup gives direct access to the dynamic ord&ime Regime of LM Decay Curves and DQ and TQ Buildup
parameter of the CHgroups in the short-time regime. Curves

Sample  DICUP content (phr) DY (Hz)® DSR (Hz)"” D& (Hz)

Triple-Quantum Buildup Signal

A 0.75 307 257 120
. . . B 3.75 356 349 155
Triple-quantum coherences can be excited starting from. 75 547 1412 220

initial z magnetization using the sequence depicted in Fig. lc.
In the regime of short excitation times the TQ coherences are uncertainties are10%.
derived mainly from the methyl protons. ® Uncertainties are=20%.
For this pulse sequence the spin response of a proton triad
rapidly rotating around the Laxis in a static sample can be
evaluated similar to that of DQ coherenceds)( The TQ EXPERIMENTAL
coherence is a total spin coherence in the approximation of the
isolated methyl group and does not evolve during the evoluti@mples and Phantom
periodt,. Nevertheless, the dipolar couplings with the passive Tne elastomer system investigated is based on commercia
methyl proton as well as the remote protons affect the lifetimg,4ijaple synthetic 1,dis-poly(isoprene). According to the
of these coherences9). These effects can be neglected fog,qifications of the manufacturer this elastomer has a mole
§hort evc_)lut|on timed;. The normalized TQ signal can be g, weightM,, ~ 952 110 g/mol (GPC—gel permeation chro-
finally written as @7) matography) and a molecular weight distributidh,/M, =
4.35. The repetition units were 97.5%s-1,4-isoprene and
97 2.5% 3,4-isoprene. The glass transition temperalytie about
B N B -@3.1_ 112 210 K. Cross-linking was achieved by a radical mechanisn
Srol27i 12 = 0) 320<<[CoiV6 od'rl = 11%). 17 The initiator system consisted of 40% dicumylperoxid (DCP,
on kaolin as a carrier material (DICUP). The amounts o
DICUP for individual poly(isoprene) samples in the cross-link
The normalization is taken with respect to the total integrgkries are listed in Table 1. The samples were vulcanized
intensity of the 'H NMR spectrum. In the limit of short 150°C until 90% of the maximum torque was achieved on th
excitation times the TQ filtered Signal is given by rheometer curve for the respective Samp]e_
The phantom used for spatially resolved one-dimension
(1D) decay and buildup curves and parameter 2D images w
Sro(27; 1, = 0) made from cylindrical poly(isoprene) samples separated &
~ @574 + [ N Teflon spacers in the order B-C-A, where A, B, and C are th
~{rs[D™S:"]* + [intergroupD S} 7% — - - - samples defined in Table 1. The phantom diameter is about
— [DI9]4r% — . . . (g mm and the thickness of samples and spacers is 4 and 1 m
ef : respectively.

wherer; = 39/4. Aneffective residual dipolar couplind NMR Experiments

can be introduced for the full dipolar network. It is expected to The NMR measurements were performed atdrequency
be dominated by the TQ coherences of the methyl protons.dh200.085 MHz on a Bruker DSX-200 spectrometer using
this approximation, the dynamic order parameter of the methylicroimaging probe. The measurements were done at roc
group can be estimated from the normalized TQ buildup imemperatureT = 293 K), which corresponds b~ T, + 80
tensities. K for the elastomers investigated. The dipolar-encoded LI
In order to describe thedependence of the detected signaldecays and DQ buildup intensities were recorded with th
relaxation has to be considered for the single-quantum cohptise sequence in Fig. 1b. It is based on the general scheme
ences as well as for the MQ coherences and the dipol&ig. 1a) of MQ 2D NMR spectroscopy30Q, 31). The 180°
encoded LM in all periods of the experiment (cf. Fig. 1a). Fardiofrequency pulses refocus the chemical shielding intera
instance, transverse relaxation has been taken into accountiby as well as the spin interaction with the magnetic fielc
multiplying the detected signal with a global relaxation funanhomogeneities. For filtering SQ and MQ coherences pha
tion exp{—27/T,}, where T, is the average transverse relaxeycling was used in combination with CYCLOPS. In the
ation time of the SQ coherences. experiments using longitudinal magnetizatidn relaxation
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was neglected. The TQ coherence buildup intensities were
measured using the same pulse sequence as in Fig. 1b but with
a 90° phase shift of the last 90° pulse in the excitation period x0.5
(Fig. 1c). In order to support DQ and TQ editing the irradiation 1
frequency was set at the resonance frequencies of methylene
protons and methyl protons in the respective experiments.
Moreover, DQ and TQ buildup curves were recorded sepa-
rately for each sample by taking the integral intensities of the
absorption NMR spectra around the €&hd CH resonances,
respectively.

The 90° pulse length for investigations of contrast filter ]
efficiency and image acquisitions was 2.52 andu33respec- x4
tively. A recycle delays of 1.5 s was used in all experiments.
The evolution time was fixed th = 10 ms and; = 100 us L LI S e B R
in the experiments for measuring LM decays and DQ buildup 100 50 00 -5.0
intensities. In order to avoid relaxation of TQ coherences the [ppm]
duration of the evolution time, was reduced to 5@s. In all FIG.2. DQ (X1)- and TQ (4)-filtered*H NMR spectra in the regime of
experiments the excitation and reconversion times were varfgrt excitation and reconversion times< 50 us) and théH NMR spectrum
in the range from 2us to 2.3 ms. (X0.5) recorded for synthetic poly(isoprene) (sample A in Table 1).

Transverse magnetization decays encoded by both residual
dipolar interactions as well as molecular motions were re-CH=, two lines at 2.2 and 2.15 ppm ferCH,—, and one
corded using the Hahn-echo pulse sequerde This pulse at 1.75 ppm corresponding tCH; functional groups. How-
sequence was applied for variable delays between excitaterer, for all samples from our cross-link series of syntheti
and refocusing pulses in the range fronu&to 8 ms, and the poly(isoprene) the CHand CH, resonances, separated by
integral intensities derived from the Fourier transform of thabout 0.5 ppm, are not resolved for the static samples.
full Hahn echoes were used as data entries. Proton DQ- and TQ-edited spectra are also presented in Fi

1D spatially resolvedH filter curves were recorded with a2. The MQ-filtered spectra were recorded using the puls
pulse sequence which combines the pulse sequences useddguence of Fig. 1b for DQ and of Fig. 1c for TQ coherence
dipolar-encoded LM decays and DQ and TQ buildup curvesth a fixed evolution time; of 100 us and short excitation-
(cf. Figs. 1b and 1c) with imaging by frequency encodingnd-reconversion times = 50 us. The integral intensities of
based on the Hahn spin echo (see below). For 2D parameter spectra are normalized to the DQ-edited spectrdih (n
images a phase-and-frequency encoding procedure was USigd2). The stati¢H spectrum K0.5) and TQ-edited spectrum
(2). The microimaging unit consisted of a homebuilt gradier{t<4) are also shown in Fig. 2. It is evident that the relative
coil system. In all images the spatial resolution was about 30@ensity of the signals follows the expected dependence give
wm in both directions with a field of view of about (20 min) by Egs. [5] and [7]. The DQ-filtered signal is centered close t
The maximum achievable gradient strength was approximatéfye CH, resonance. The TQ-filtered signal is also centered i
93 mT/m. The gradient was stepped through 64 gradient v#te vicinity of the methyl resonance. Both spectra are symme
ues. For parameter and spin-echo images the space eneoding to a high degree. Nevertheless, the separation of the pee
time (see below) was 0.8 ms. The total duration for acquisitias slighter larger than the expected 0.5 ppm. These resu
of 2D filtered images was on the order of 5 h. prove that in the regime of short excitation times the DC
coherences are excited mainly from the strongest dipola
coupled protons, i.e., from methylene groups. Nevertheles
DQ coherences corresponding to the intergroup protons b
longing to CH, CH, and CH groups as well as from protons
within CH; groups are excited to a smaller degree, as ev

MQ editing of the different functional groups can be demdenced by the wings of the DQ-filtered spectrum in the regio
onstrated by recordingH MQ-filtered spectra. In Fig. 2 the of these resonances. For an increased excitation-and-recon\
300-MHz *H NMR spectrum is presented for the static polysion time ofr = 1.5 ms the DQ- as well as TQ-filtered spectra
(isoprene) A sample of Table 1. The spectrum is not resolvéabt shown) are broader with the more pronounced wings in tt
but is approximately symmetric except for a shoulder correeighboring regions showing delocalized pumping of DQ an
sponding to the—CH=resonance positioned at about 3.3 ppriiQ coherences.
off center from the main peak. For 1¢ds-poly(isoprene) (la-  In order to characterize the filter efficiency dipolar-encode
tex) the corresponding high-resolution spectrum in solutidtM decay curves were measured for a series of cross-linke
shows four lines: one at 5.2 ppm (relative to HMDS) fosynthetic poly(isoprene) samples. The decays for three samp

signal intensity [a.u.]

RESULTS AND DISCUSSION

Filter Efficiency
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with cross-link densities (Table 1) are shown in Fig. 3a for  g)
relevant values of the excitation time The LM decays are
encoded by the intra- and intergroup dipolar couplings as well
as by transverse relaxation during dipolar encoding times.
They are sensitive to cross-link density. In the short-time
regime the dipolar-encoded LM decays show a linear depen-
dence in7? in accordance with Eq. [4]. For longer dipolar
encoding times a deviation from this dependence arises which
is more pronounced as cross-linked density increases. The
recorded signals exhibit good signal-to-noise ratio and permit
extraction of the effective residual dipolar couplings (cf. %oy,

Eq. [4]) from ther® dependence of the decay curves. These 001 | broeviti: TR N
effective couplings characterizing the full dipolar network are L

listed in Table 1. The sensitivity of LM decays to residual 0.0 1.0 2f0 3'_0 4fo
dipolar couplings in the limit of short encoding times is higher 7/ [ms]

than that of DQ and TQ buildup curves due to contributions
from all functional groups.

107
087
067

047

LM normalized intensity

021

(o)
Z

DQ buildup curves for the same samples have been mea- 0.14 1
sured for the full range of excitation timesand are shown in on
Fig. 3b. The maxima of the DQ signals arise from (i) the *E‘ '
transverse relaxation during excitation and reconversion times 5 0.101
and (ii) the excitation of high-order MQ coherences in the _’f 008 1
dipolar network of coupled protons. The first process is dom- &
inant in elastomers. The systematic dependence of the DQ- £ 0.061
filtered signal intensity on the excitation timecan be ex- é
. . o . . 0.04 1
ploited for generation of contrast in imaging of differently 8
cross-linked elastomers. The effective dipolar coupliBgs 0.02 1
can be evaluated from these DQ buildup curves by fitting the
. L Do _ . 0.00 4
curves with a polynomial in*. The values oD ¢ obtained in
this way are collected in Table 1.
TQ buildup curves for characterization of the efficiency of a
contrast filter based on residual dipolar couplings are shown in
Fig. 3c. A clear dependence of the curves on the cross-link ©)
density is found similar to the case of the DQ buildup curves.
Effective residual dipolar coupling®f were obtained by 0.025
fitting the data in the initial time regime by a polynomialih é‘ 0.020
(see Eq. [8]). The values @ .7 for the samples of the cross- &
link series are collected in Table 1. In all of these as well as in E 0.015 L
other cases2(?) the measured residual dipolar couplings show & °i
a linear proportionality to the cross-link density in good ap- é 0.0104 :
proximation. e !
The results above demonstrate that contrast filters based on < 90037 !
residual dipolar couplings can be implemented using dipolar- 0.0004 i
encoded LM decays and DQ and TQ coherence buildup. The ' !
LM decays are expected to provide the highest signal-to-noise T Y 0 1}5 7o 25 70
ratio and consequently the highest resolution in NMR imaging. ' ’ iy '[ms] ‘ ‘ ’

The residual dipolar coupling contrast for LM decays and DQ
buildup curves in the excitation time regions marked by dashegc. 3. (a) *H dipolar-encoded longitudinal magnetization decay curves
lines in Figs. 3a and 3b is about the same. In region | (cf. Figcorded using the pulse sequence of Fig. 1b with a phase cycle for zel
3b) the contrast is changing in the same direction as cross-lfsantum coherence. (8H DQ buildup curves recorded by the three-pulse
density. This is not the case for region Il (cf. Fig. 3b) where thgauence of Fig. 1b. (cH TQ buildup curves recorded by using the pulse

. . . . . eguence of Fig. 1c. The DQ and TQ signals are normalized to the integt
sign of the intensity differences has changed in one case so ﬁ?éﬁsity of the SQ NMR spectrum for each sample. A series of samples fro

the resultant image intensity cannot directly be correlated Withhthetic poly(isoprene) with different cross-link densities (cf. Table 1) wa:
the values of cross-link density. The highest contrast is offeredestigated.
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a) tively. The highest contrast is observed for the images in tt
SPIN SYSTEM RESPONSE NMR middle of each figure. This is related to the fact that the LM
ENCODED BY IMAGING DQ, and TQ contrast filters also include contrast weights fror

RESIDUAL DIPOLAR COUPLINGS PROCEDURE . transverse relaxation. Because LM antl contrast filters are

both based on signal decays the contrast from residual dipol
coupling in Fig. 5 is going in the same direction as ffig
' contrast for any value of dipolar encoding times. Hhealue
90, 180%, 90, 907, 180°, 90° 90°  180°, recommended for maximum contrast by the LM filter is indi-

B

b)

cated by a dashed line in Fig. 3a. The contrast scale is invert
for DQ and TQ filters which use buildup curves. As expectec
the highest contrast is shown for the TQ-filtered image (cf. Fic
7). Nevertheless, the image has lower spatial resolution th:
the images presented in Figs. 5 and 6. Fhalues chosen for
excitation are indicated by the dashed line | in Fig. 3b and b
the dashed line in Fig. 3c.

Parameter Images of Residual Dipolar Couplings

FIG. 4. (a) General scheme used for recording images weighted by resid—P""-r""'meter Images of residual d'p0|ar COUplmgS in elastom

ual dipolar couplings. (b) Three-pulse sequence with 180° refocusing puls@mples with spatially distributed cross-link density can b
for filtering according to residual dipolar couplings followed by filter and
space encoding by 2D spin-echo imaging.

by the TQ buildup curves. This can be understood by consid-
ering the initial excitation time regime where the buildup rates
of TQ signals are proportional td(s)* compared to the DQ
and LM filters where the rates are proportional wibgf)?

and D4)°. Nevertheless, the signal-to-noise ratios for TQ
signals are much weaker than those for LM and DQ signals.
The sensitivity to the cross-link density is higher for dipolar-
encoded LM and MQ signals compared to contrast from trans-
verse relaxation only, because the LM and DQ filters include a
transverse relaxation weight.

Images Weighted by Residual Dipolar Couplings

Spatially resolved'H LM decays, DQ and TQ buildup
curves, and images encoded by residual dipolar couplings were LM
recorded with the pulse sequence shown in Fig. 4. It has been
used for experiments with 1D as well as 2D spatial resolution.
The principle of the method is a classical combination of a spin
response encoded by residual dipolar couplings and an NMR
imaging technique for the generation of spatial resolution (cf.
Fig. 4a) @, 38. The pulse sequences used for LM, DQ, and TQ
filters (cf. Figs. 1b and 1c) have been modified by appending a
final flip-back 90° pulse to the filters (cf. Fig. 4b). The subse-
quent dephasing period of duratiap forms an additionak SPIN
filter. ECHO
Dipolar-encoded LM decays and DQ and TQ buildup curves
are shown at the top of Figs. 5 to 8 with 1D spatial resolution.
To a good approximation they reproduce the curves measured
on the individual samples of the poly(isoprene) cross-link FIG. 5. Spatially resolved curves of dipolar-encoded LM decays (top)

. . . . . Two-dimensional images weighted bl residual dipolar couplings using LM
series without spac_e encoding (cf. Flg' 3). The mld_dle and tn%ddle) and a spin-echo image (bottom). From left to right the signals of th
bottom parts of Figs. 5 to 8 depict 2EH NMR images phantom correspond to samples B, C, and A (cf. Table 1), respectively. Tt

obtained with LM, DQ, TQ, and™ contrast filters, respec- data were recorded with the pulse sequence shown in Fig. 1b and Fig. 4b.
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CONCLUSIONS

New residual dipolar coupling contrast filters based on di
polar-encoded longitudinal magnetization decay curves ar
DQ and TQ buildup curves oM are introduced. They show
different filtering efficiency versus cross-link density. The
most sensitive is the TQ contrast filter as a result of th
characteristic functional dependence of the filtered signal c
the dipolar coupling. The highest signal-to-noise ratio is pro
vided by the contrast filter for dipolar-encoded longitudina
magnetization. For all filters the contrast is enhanced by tran
verse relaxation during the excitation-and-reconversion pet
ods. The pulse sequence used for these filters are based on
classical three-pulse sequence of multi-quantum NMR spe
troscopy. The efficiency in pumping MQ coherences can b

:1'5_;2;

s -v—g-‘:"

S

i
L

SPIN
ECHO

FIG. 6. Spatially resolved curves of dipolar-encoded DQ buildup (top).
Two-dimensional images weighted Bl residual dipolar couplings using DQ
coherences (middle) and a spin-echo image (bottom). From left to right the
signals of the phantom correspond to samples B, C, and A (cf. Table 1), TQ
respectively. The data were measured with the pulse sequence shown in Fig. 1b )
and Fig. 4b.

obtained if several images are recorded with different excit
tion times. In order to eliminate spin density and transver:
relaxation encoding &%-filtered image needs to be recorded a
well. Each pixel of the LM- DQ- and TQ-filtered images
recorded by the scheme presented in Fig. 4 has to be dividec SPIN
the spin-echo image(r)R(27), where p(r) is the spatially
distributed spin density an&(27) is the effective relaxation ECHO
function which accounts for transverse relaxation in phase a
frequency encoding. Proton parameter images of residual
polar couplings of the elastomer phantom obtained in this wi
from the images of Figs. 5 to 7 are shown in Fig. 8. All the
images now show less contrast because the effects of spiflG. 7. Spatially resolved curves of dipolar-encoded TQ buildup (top).
density and transverse relaxation are eliminated. The fact ti4p-dimensional images weighted b residual dipolar couplings using TQ

. . . . . . cqherences (middle) and a spin-echo image (bottom). From left to right tt
the contrast differs in each image is attributed to the dlffereg]%nalS of the phantom correspond to samples B, C. and A (cf. Table 1
excitation timesr, as a result of which the dipolar couplingrespectively. The data were measured with the pulse sequence shown in Fig
hierarchy is probed on different length scales. and Fig. 4b.
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LM well as parameter images can be obtained for elastomers
0 ;ﬁz reasonable times. By using a homogeneously cross-linked el:
tomer sample with a known value of the residual dipola
coupling as a reference the need for recording several imag
LM with different excitation times is avoided. The possibility of
measuring parameter NMR images'bf residual dipolar cou-
plings on static samples avoiding MAS opens up the possibilit
1700 Hz of investigating stress—strain effects in heterogeneous ele
o tomers. Moreover, the contrast in images of residual dipole
D couplings can directly be correlated with the spatial distribu
450 Hz tions of cross-link density and with viscoelastic properties
9 Swelling of elastomers by deuterated spy molecules which c:
modify the network properties is avoided.
DQ The methods discussed above are applicable in general
partially averaged dipolar interactions and can be applied 1
100 H studying segmental order in a variety of polymer network:
Z . . . . .
without the need for isotopic labeling, sample rotation, or th
i use of cross-polarization. Proton parameter imaging of conne
eff tive tissues such as cartilage and tendons with contrast frc
250 Hz dipolar-encoded LM, DQ, and TQ filters can be envisaged t
detect molecules associated with ordered structures. Wo
TQ along these lines is in progress.
ACKNOWLEDGMENTS
120 Hz

The authors acknowledge stimulating discussions with Prof. Dr. H. W. Spies

FIG. 8. Parameter images 0H residual dipolar couplings measured forProf. Dr. R. Kimmich. Dr. P. Blmler. and Dr. S. Hafner. D.E.D. thanks the

the elastomer phantqm using the LM, DQ, aqd TQ contrast f'ilters shown i_n I:jﬁaexandervon Humboldt-Stiftung for a senior research award. M.S. acknowledg
4. These parameter images have been obtained by normalization of the 'm;?ﬂgssupport of his contribution by DFG. The authors thank Dr. H. B. Dumler

from F_igs. 5to7 _(m“?'d'e) to the spin-ech_o image weighted by' trans‘_’erﬁ%ntinental AG, Hannover, for providing the samples and for helpful information
relaxation (bottom in Figs. 5 to 7). For each image the scale of residual dipolar

couplings is shown.

REFERENCES

increased if, for 'nSt_ance' an elght—pulse_ sequence Is IIBQQE.d( 1. F. W. Wehrli, D. Shaw, and J. B. Kneeland (Eds.), “Biomedical
Moreover, many dipolar encoding periods can be used for magnetic Resonance Imaging: Principles, Methodology and Appli-
enhancing the effect of residual dipolar couplings on longitu- cations,” VCH, New York (1988).
dinal magnetization decays. 2. P. T. Callaghan, “Principles of Nuclear Magnetic Resonance Mi-
Dipolar-encoded LM decays and DQ and TQ buildup curves croscopy,” Clarendon Press, Oxford (1991).
were recorded for cross-linked elastomers with and without B- Blumich and W. Kuhn (Eds.), “Magnetic Resonance Micros-
space encoding. The corresponding curves compare well with €°PY:" VEH. Weinheim (1992). _ .
each other. Proton residual dipolar couplings can be measuréd® Blumler, B. Blumich, R. Botto, and E. Fukushima, “Spatially
. . . . LS . Resolved Magnetic Resonance,” Wiley-VCH, Weinheim (1998).
with spatial resolution when exploring the initial time behavior ) "y T
. .. T . 5. P. Blumler and B. Blumich, NMR: Basic Princ. Prog. 30, 209 (1994).
of LM and MQ signals. In this time limit the MQ signals can

. . - . 6., S. Hafner, D. E. Demco, and R. Kimmich, Solid State NMR 6, 275
be approximately assigned to specific chemical groups, so that(lg%)

signals can be edited by MQ filters based on the deOla}’. P. Blumler and B. Blimich, Rubber Chem. Technol. 70, 468 (1997).

coupling strength. The values of residual dipolar couplings cal o ;5 Mebonald Prog. NMR Spectrosc. 30, 69 (1997)
be measured moqel free. .ThIS IS nOt_ the case with _Oth%r P. Blumler and B. Blumich, Macromolecules 24, 2183 (1991).
methods for recording material property images of cross-link SI

. . A. Spyros, N. Chandarkumar, M. Heidenreich, and R. Kimmich,

polymers R0, 2]). These techniques are based on transverse \;,cromolecules 31, 3021 (1998).

relaxation and spin-lattice relaxation in the rotating frame and ; A chudek and G. Hunter. J. Mater. Sci. Lett. 11 222 (1992).

use models for the molecular dynamics of the _p0|_ym_er ne.l.ré S. Hafner and P. Barth, Magn. Reson. Imaging 5, 739 (1995).

work. Nevertheless, MQ methods suffer from intrinsic Iov!3 A. Spyros, R. Kimmich, B. H. Briese, and D. Jendrossek, Macro-

signal-to-noise ratio which is more accentuated in elastomers molecules 30, 8278 (1997).

by the small values of dipolar couplings. 14. C. A. Fyfe, L. H. Randall, and N. E. Burlinson, J. Polym. Sci. Part A:
NMR images weighted byH residual dipolar couplings as  Polym. Chem. 31, 159 (1996).



15.
16.
17.
18.

19.
20.

21.

22.

23.
24.

25.

26.

27.

28

IMAGING OF RESIDUAL DIPOLAR COUPLINGS IN ELASTOMERS

S. Hafner and W. Kuhn, Magn. Reson. Imaging 12, 1075 (1994).
S. Sarkar and R. A. Komoroski, Macromolecules 25, 1420 (1992).
C. Chang and R. A. Komoroski, Macromolecules 22, 600 (1989).

L. Garrido, J. E. Mark, C. C. Sun, J. L. Ackerman, and C. Chang,
Macromolecules 24, 4067 (1991).

S. R. Smith and J. L. Koenig, Macromolecules 24, 3496 (1991).

W. Kuhn, P. Barth, S. Hafner, G. Simon, and H. Schneider, Mac-
romolecules 27, 5773 (1994).

P. Barth, S. Hafner, and P. Denner, Macromolecules 29, 1655
(1996).

E. Gunther, B. Blumich, and H. W. Spiess, Macromolecules 25,
3315 (1992).

P. Blumler and B. Blimich, Acta Polym. 44, 125 (1993).

M. Klinkenberg, P. Blumler, and B. Blumich, Macromolecules 30,
1038 (1997).

M. Klinkenberg, P. Blumler, and B. Blumich, J. Magn. Reson. A
119, 197 (1996).

R. Graf, D. E. Demco, S. Hafner, and H. W. Spiess, Solid State
Nucl. Magn. Reson. 12, 139 (1998).

M. Schneider, L. Gasper, D. E. Demco, and B. Blumich, J. Chem.
Phys. 111, 402 (1999).

. Y. Seo, H. Takamiya, H. Ishikawa, T. Nakashima, Y. Sharf, and G.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38

441

Navon, in “Spatially Resolved Magnetic Resonance” (P. Blumler, B.
Blumich, R. Botto, and E. Fukushima, Eds.), Wiley—-VCH, Weinheim
(1998).

L. Tsoref, H. Shinar, Y. Seo, U. Eliav, and G. Navon, Magn. Reson.
Med. 39, 11 (1998).

R. R. Ernst, G. Bodenhausen, and A. Wokaun, “Principles of Nu-
clear Magnetic Resonance in One and Two Dimensions,” Claren-
don, Oxford (1987).

M. Munowitz and A. Pines, Adv. Chem. Phys. 66, 2 (1987).

D. E. Demco, S. Hafner, C. Fulber, R. Graf, and H. W. Spiess,
J. Chem. Phys. 105, 11285 (1996).

R. Graf, D. E. Demco, S. Hafner, and H. W. Spiess, J. Chem. Phys.
106, 885 (1997).

J. Gottwald, D. E. Demco, R. Graf, and H. W. Spiess, Chem. Phys.
Lett. 243, 314 (1995).

U. Friedrich, I. Schnell, D. E. Demco, and H. W. Spiess, Chem.
Phys. Lett. 285, 49 (1998).

P. Sotta, C. Fulber, D. E. Demco, B. Blumich, and H. W. Spiess,
Macromolecules 29, 6222 (1996).

J.-P. Cohen Addad, Prog. NMR Spectrosc. 25, 1 (1993).
. B. Blumich, Concepts Magn. Reson. 10, 19 (1998).



	INTRODUCTION
	THEORY
	FIG. 1
	TABLE 1

	EXPERIMENTAL
	RESULTS AND DISCUSSION
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5
	FIG. 6

	CONCLUSIONS
	FIG. 7
	FIG. 8

	ACKNOWLEDGMENTS
	REFERENCES

