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Abstract

A new parameter for NMR mapping is suggested on the basis of the mean squared dipolar fluctuation (MSDF). The MSDF

characterizes the relaxation mechanism due to ultra-slow dipolar fluctuations in liquids subject to local anisotropy of molecular

motions. These fluctuations can be monitored on the time scale exceeding a few microseconds. In rubber materials, the MSDF is a

function of the density of chemical cross-links strongly affecting (anisotropic) mesh chain fluctuations. Experimentally, the MSDF is

determined from the attenuation curves of the quotient of the amplitudes of the stimulated and the primary echoes produced by the

three 90� radio-frequency pulse sequence. In order to evaluate the MSDF maps, the latter sequence was combined with the standard
scheme of the magnetic field gradients providing a spatial resolution. The pixel values of the MSDF are ‘‘visualized’’ using grey

shades related to the equidistant intervals covering the whole range of the measured values. The MSDF maps are demonstrated for

the two composite samples. The first sample consists of a water filled tube in the middle part surrounded by high molecular mass

polyisoprene (PI) in the outer part. The relaxation weighted spin density image of this sample is dominated by a water signal with PI

producing a much weaker intensity. The MSDF map, on the contrary, enhances the relative intensity of the outer, PI, part while

scaling the middle, water, part down to the level of noise. The second sample consists of the four rubber pieces with different cross-

link density. This sample thus models an inhomogeneous rubber object. The MSDF map produces clear contrast for the relevant

regions. The advantages of employing this kind of NMR mapping for a characterization of materials are discussed.

� 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

A parameter selective NMR mapping has well

established itself as a useful tool of a material charac-

terization [1–6]. In our recent papers [7–9], we demon-

strated that rubber materials with the different cross-link
density can be distinguished on the basis of the so-called

dipolar-correlation effect (DCE). The DCE defines the

relaxation mechanism caused by ultraslow fluctuations

of the (residual) dipolar couplings in anisotropic liq-

uids. The time scale of the fluctuations addressed by the

DCE is that of the inter-pulse spacings in the standard

90�–s1–90�–s2–90� pulse sequence (10�5 < t < 10 s in the
case of protons). The upper limit is ultimately deter-

mined by spin-lattice relaxation and represents the lon-

gest time scale generally accessible to NMR techniques.

In rubber materials, the relevant dipolar fluctuations are

caused by slow reorientations of the long-chain back-
bones around the local symmetry axis. The latter is de-

termined by the mean positions of permanent chemical

cross-links (and/or other topological constraints) re-

stricting isotropic molecular reorientations on the time

scale of the NMR experiment.

The quantitative analysis of the DCE is based on the

measurements of the quotient of the amplitudes of the

primary, Aprð2s1Þ, and the stimulated, Astð2s1 þ s2Þ,
echoes as a function of s1. (The magnetic field inho-
mogeneities are supposed to be small, so that the at-

tenuation due to translational molecular diffusion is
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excluded.) The quotient Qdc ¼ Ast=Apr is formed in order
to eliminate the parts of the overall transverse relaxation

arising from the fluctuations of the dipolar coupling

constant fast on the time scale of the inter-pulse inter-

vals. The (local intrachain) molecular motions with

typical correlation times much shorter than the time

scale addressed by the DCE do not contribute to the

attenuation of Qdcðs1Þ as a function of s1. This statement
is valid under the assumption that the underlying ul-
traslow and fast stochastic molecular motions are sta-

tistically (quasi)-independent of each other. In this case,

the respective parts of the transverse relaxation can be

factorized. The attenuation due to the fast motions

(usually evaluated in terms of the relaxation time, T2) is
equal for both the primary and the stimulated echo

amplitudes and cancels in the quotient. Note that in

absence of the slow dipolar fluctuations (in isotropic
non-viscous liquids, for instance) the quotient of the

both amplitudes becomes independent of s1.
If the quotient, Qdcðs1Þ, attenuates with s1, this ap-

pears to be indicative for the long-time scale orienta-

tional dipolar fluctuations. The most clear manifestation

for an attenuation by the DCE mechanism was observed

in a nematic liquid crystal [10]. In the isotropic state, the

experimentally measured quotient Qdcðs1Þ, was found to
be constant as expected for any ordinary liquids. At the

same time, a strong decrease of Qdc with s1 was observed
for the temperatures below the clearing point. The at-

tenuation mechanism in the latter case was identified

with the contributions of ultraslow collective molecular

motions characteristic of liquid crystals in the nematic

state. The DCE was also reported for linear polymers

[11,12], polymeric liquid crystals [13] and rubber mate-
rials [7–9] as mentioned above.

The attenuation of the dipolar-correlation quotient,

Qdcðs1Þ, is quantitatively described in terms of the mean
squared dipolar fluctuation (MSDF) of the residual di-

polar coupling constant, XdðtÞ, and the time constants
characteristic of (dipolar) correlation losses on the time

scale of the inter-pulse intervals. For macroscopically

disordered systems like unstretched polymers or rub-
bers, the dipolar-correlation quotient is given in the

form [8]

Qdc ¼ exp
�
� 1
4

dX2d
� �

C1

�
; ð1Þ

where

dXdðtÞ � XdðtÞ � hXdi: ð2Þ
Here, Xd denotes the part of the dipolar constant re-
maining after averaging over fast molecular motions,

that is

Xd ¼ X0hð1� 3 cos2 aklÞi; ð3Þ
where X0 ¼ 3l0c2�h=ð8pr3klÞ, rkl and akl are polar coordi-

nates of the inter-nuclear vector, the brackets indicate

the average on the time scale t 	 s1; s2. (If local an-
isotropy of the system persists on much longer time

scale, this average is not zero). dXdðtÞ in Eq. (2) stands
for the part of the ‘‘residual’’ dipolar constant, Xd,
fluctuating around its mean value, hXdi, on the (much
longer) time scale of the pulse intervals, s1; s2. Such slow
modulations of Xd may, for instance, easily arise due to
the small-angle reorientations of the end-to-end vector,

R, connecting the two adjacent cross-links (or other
constraints). For an exponential correlation function

hdXdð0ÞdXdðtÞi / exp�jtj=sc with the correlation time
sc, the coefficient C1 in Eq. (1) is [10]:

C1 ¼ s2c e
�s1=sc

�
� 1

�2
1
�

� e�s2=sc
�

ð4Þ

In rubber, Xd is determined by the angle h formed by the
vector R relative to the magnetic field [14–16]

Xd � X0
R2

N 2b2
ð1� 3 cos2 hÞ; jRj ¼ R 	 Nb; ð5Þ

where N is the number of statistical segments of length b

in the chain mesh spanned by R.

The dependence of the MSDF, hdX2di, on N was es-

timated [9] in the limit of R 	 Nb using Eqs. (5) and (2)

hdX2di � hðXdðtÞ � hXdiÞ2i

� X20
R4

ðN 2b2Þ2
1
���

� 3 cos2 h
�
� h1� 3 cos2 h

��2i;
R 	 Nb: ð6Þ

Hence, hdX2di is the parameter strongly depending on the
density, N�1, of the constraints. Strong sensitivity of

hdX2di to the density of chemical cross-links was experi-
mentally proven in the (bulk) DCE experiments for a

series of cross-linked synthetic poly-(styrene-butadiene)
[9] elastomers and natural rubber [8]. The aim of the

present paper is to demonstrate a combination of the

DCE with the methods of spatial resolution in order to

produce spatially resolved maps of the MSDF as a new

parameter for characterization of (inhomogeneous)

polymer materials.

2. Experimental

NMR experiments were performed with a commer-

cial Bruker DSX400 operating at 400MHz for protons.
A standard bore microimaging probe with a 10mm ra-

dio-frequency coil was used.

Materials of natural rubber (NR) based on polyiso-

prene (PI) with different cross-link density were provided

by Bundesanstalt f€uur Materialforschung und-pr€uufung,
Berlin, Germany. The amounts of sulfur, Ps, used for the
vulcanization of the rubber samples were equal to 1.0

(NR-E1), 1.5 (NR-E2), 2.0 (NR-E3), and 2.5 (NR-E4)
phr (parts per hundred rubber [17]). The cross-link

density defined as the inverse of the number of segments
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~NN between the nearest neighbour cross-links is propor-
tional to Ps [17], that is, ~NN�1 ¼ aPs where a is the coeffi-
cient depending on a technological procedure and

vulcanizing agents used. Here, ~NN identifies the number
of segments between the chemical cross-links only. It

should therefore be differentiated from N in Eq. (5)

which refers to the number of chain segments between

the two adjacent topological constraints of any origin as

long as they maintain their mean positions in space on
the time scale of the inter-pulse spacings, see [7] for more

detail. Some additional characteristics of the investigated

rubber samples like maximal swelling levels can be found

in the same work [7]. Linear cis-polyisoprene (PI) with an

average molecular weight of 8
 105 g/mol was obtained
from Sigma–Aldrich (Steinheim aA).

The pulse sequence used for the MSDF mapping is

shown in Fig. 1. It combines the radio-frequency pulse
sequence for measurements of the primary and stimu-

lated echo amplitudes with the standard scheme of the

magnetic field gradients necessary for a spatial resolu-

tion (see, for instance [1,12] or other text books for

NMR imaging). The first 90�-pulse of the sequence
might either be ‘‘hard’’ (if no slice selection is required)

or ‘‘soft’’ (shaped) suited for slice selection purposes. In

the case of the relaxation weighted spin density (RWSD)
images in Figs. 2a and 3a and the MSDF maps in Figs.

2b and 3b, the first 90�-pulse was ‘‘hard’’ and the gra-
dient pulse in the direction of the Zeeman field, Gz, was
not applied. By omitting any slice selection, advantage

was taken of the cylindrical symmetry of the investi-

gated samples in order to reduce the time necessary for

signal accumulations. The in-plane pixel resolution of

the 128
 128 data matrixes in Figs. 2 and 3 was 78 lm
in both directions. Field of view was 10mm. The mea-

surements have been performed using the chemical-shift

compensating version [8,9] of the pulse sequence shown

in Fig. 1. It includes two additional 180�-pulses set in the
middle of each s1-interval, that is, between the first two
90�-pulses and between the echo time and the preceding
pulse. The additional 180�-pulses ensure the absence of
amplitude distortions due to cross-relaxation between

chemically in-equivalent environments.
The primary and stimulated echo signals were ac-

quired for a series of 32 subsequently increasing s1-
values. The shortest value of s1 in the series was equal to
0.9ms. The value of s2 was kept constant equal to 20ms.
The repetition time, that is, the interval between any two

successive exitations by the first 90�-pulse, was 1 s. For
each given value of s1 echo signals were averaged using

Fig. 1. Pulse sequence for measuring the MSDF maps. Gx, Gy , and Gz

denote the pulses of magnetic field gradients in X-, Y-, and Z-directions

with Zeeman field applied along the Z-axis as usual. Signal amplitudes

are acquired for the stimulated and primary echoes subject to maximal

refocusing at 2s1 þ s2 and 2s1, respectively. In the case of the primary
echo, s2 is set to zero and the third 90� pulse is omitted. The chemical-
shift compensating version of the pulse sequence includes two additional

180�-pulses set in the middle of each s1-interval, that is, between the first
two 90�-pulses and between the echo time and the preceding pulse.

Fig. 2. RWSD image (a) and the MSDF map (b) of the sample con-

sisting of a water filled glass tube (interior part) and PI (outer part).

The RWSD image in (a) refers to the primary echo for s1 ¼ 0:9ms
(echo time 2s1 ¼ 1:8ms). Each data matrix consists of 128
 128 pix-
els. The in-plane pixel resolution is 78 lm in both directions. Field of
view is 10mm. The repetition time was 1 s. The range of the values

measured for (a) the RWSD from 0 to 255 arbitrary units and for (b)

hdX2di from 0 to 2
 106 rad2=s2 is displayed using the grey shade ref-
erence rulers shown on the left and on the right hand sides. The ruler

assigns consistently decreasing grey shades (from black to white) to

each of the 255 subsequent equidistant intervals covering the whole

range of the measured values.

Fig. 3. RWSD image (a) and the MSDF map (b) of the sample con-

sisting of four rubber stripes with different cross-link density. The

RWSD image in (a) refers to the primary echo for s1 ¼ 0:9ms (echo
time 2s1 ¼ 1:8ms). Each data matrix consists of 128
 128 pixels. The
in-plane pixel resolution is 78 lm in both directions. Field of view is
10mm. The repetition time was 1 s. The range of the values measured

for (a) the RWSD from 0 to 255 arbitrary units and for (b) hdX2di from
1
 106 to 5
 106 rad2=s2 is displayed using the grey shade reference
rulers shown on the left and on the right hand sides. The ruler assigns

consistently decreasing grey shades (from black to white) to each of the

255 subsequent equidistant intervals covering the whole range of the

measured values.
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32 scans. The amount of time needed was about 70min.
The total time spent for acquisition of 32 primary and 32

stimulated echo signals was about 75 h. The dipolar-

correlation quotients were formed for each pixel of the

given map to produce sets of values, Qdcðs1Þ. The values
of hdX2di were evaluated for the individual pixels by fit-
ting Eqs. (1) and (4) to the obtained data sets. These

values were then ‘‘visualized’’ in the grey shade MSDF

maps. The grey shade maps were produced by subdi-
viding the overall range of the measured values of hdX2di
in 255 equidistant intervals. Each interval was assigned a

certain grey shade intensity identified in the reference

rulers in Figs. 2 and 3. The individual pixels of the maps

were then displayed with the grey shades of those in-

tervals to which the pixel values of hdX2di were matching
to. The grey shade RWSD images shown in Figs. 2a and

3a refer to the primary echo for the shortest value of
s1 ¼ 0:9ms in the series (that is, echo time 2s1 was
1.8ms). The RWSD images visualize the measured pixel

signal intensity proportional to spin density attenuated

by transverse relaxation. The attenuation mechanism in

this case is due to both fast and slow stochastic molec-

ular fluctuations. Grey shades are produced in the same

manner as for the MSDF maps.

3. Results and discussion

Fig. 2 shows the RWSD image (a) and the MSDF

map (b) of the same composite sample consisting of two

parts. The interior part of the sample is a thin glass tube

filled with water. The outer part is linear PI. The RWSD

image in Fig. 2a is dominated by a water signal (white
middle) whereas the signal from PI (grey outer part) is

scaled down by faster (compared to water) transverse

relaxation. The black ring separating the signals from

water and PI is produced by the inner glass tube. Its

signal cannot be discriminated from a noise level which

is ‘‘black.’’ In contrast to the RWSD image, the MSDF

map in Fig. 2b now shows the water part ‘‘black.’’ This

is due to the absence of the long time-scale dipolar
correlations in such an isotropic non-viscous liquid like

water. In this case, the primary and the stimulated echo

attenuate with increasing s1 at the same rate. The quo-
tient of the both amplitudes then becomes independent

of s1, so that the values of hdX2di fitted to experimental
data are �0. The area related to water in the MSDF
map thus is scaled down to a noise level and cannot be

distinguished from the inner glass tube. The outer, PI�s,
area in the MSDF map on the contrary occurs ‘‘white’’

pointing out the strong attenuation mechanism due to

the DCE [7]. Note that in the RWSD image, the PI�s
area can only slightly be distinguished from the noise

even for the relatively short s1 ¼ 0:9 s (compare, for
instance, grey shades in the outer part and in the adja-

cent black ring produced by the inner glass tube).

Figs. 3a and b represent the RWSD image (a) and the
MSDF map (b) of the composite rubber sample, re-

spectively. This sample consists of the four stripes (NR-

E1, NR-E2, NR-E3, and NR-E4) of rubber with

different cross-link density. The composite sample

models an inhomogeneous rubber material. The values

of hdX2di evaluated for the corresponding areas of the
map satisfactorily coincide with those found earlier for

NR-E1—NR-E4 in the bulk measurements [8]. The re-
gions with larger cross-link density (lower molecular

mobility) are brighter according to their larger values of

hdX2di, consider Eq. (6).
Contrast in the RWSD image in Fig. 3a is obviously

produced by the difference in the transverse relaxation

rates in the individual rubber stripes, assuming that their

initial magnetizations (proportional to spin density) are

roughly equal. By the echo time, the corresponding
magnetizations are attenuated stronger for the stripes

with larger cross-link density resulting in darker regions.

Contrast in the RWSD images thus depends on the ex-

perimental parameters used (echo time in this case) as in

any relaxation attenuated spin density image. The (sin-

gle parameter) MSDF maps, on the contrary, enable

one to visualize the areas with different orientational

molecular mobility on the quantitative basis.
The map parameter hdX2di generally characterizes the

part of the transverse relaxation caused by long-time

scale dipolar correlations. In studies of materials, the

areas with reduced orientational mobility of molecules

are quite often of a special interest. They may, for in-

stance, indicate the aging processes in polymer elas-

tomers. On the basis of the MSDF maps, the areas less

mobile are favourably scaled up relative to the more
mobile ones. An additional advantage in the context of

material characterization is that the attenuation mech-

anism due to the DCE is expected to be insensitive to the

traces of low-molecular impurities or to the motions like

reorientations of the short free-end chains.

Worth noting is that in systems subject to slow cor-

related molecular motions, the overall transverse relax-

ation is generally not exponential [8–10]. Therefore, the
conventional transverse-relaxation time (T2) maps can-
not be properly evaluated, as routinely done, on the

basis of the Hahn echo attenuation curves. Mapping of

the MSDF offers in such cases an alternative quantita-

tive tool for the investigations of the heterogeneous

objects exposed to ultraslow dipolar correlations.
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