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ABSTRACT: Gravimetrical Flory-Rehner experiments are combined with MRI experiments to study
the spatially dependent degree of cross-linking in unfilled, 1,6-hexamethylenediamine-cured poly-
(isobutylene-p-methylstyrene-p-bromomethylstyrene) terpolymers. MRI relaxometry reveals two proton
T2 relaxation decay times in CCl4 swollen specimens: a fast decaying component reflecting the constrained
chain segments near cross-links and entanglements and a slow decaying component originating from
less constrained, remote chains. On the basis of a linear relation between the bulk Mn,eff (number-average
molecular weight between effective cross-links) and the volume-averaged T2 decay times, MRI allows
the determination of the local cross-link density in inhomogeneously cross-linked specimens by means of
the spatially dependent T2 decay times. MRI solvent diffusion experiments reveal that the ingress kinetics
of cyclohexane in PIB terpolymers is Fickian. It is shown that the diffusion coefficient varies linearly
with the cure state and the volume-averaged T2 decay times.

Introduction

Since its introduction by Lauterbur in 1973,1 magnetic
resonance imaging (MRI) has been developed into a
modern approach for mapping the spatial morphology
of elastomers. It is a unique, nondestructive, and
noninvasive technique for the three-dimensional analy-
sis of rubbery materials as demonstrated by the number
of thorough reviews already published concerning cross-
linking and aging of elastomers.2-14

The poly(isobutylene-p-methylstyrene-p-bromom-
ethylstyrene) (PIB-PMS/BrPMS) is a promising second-
generation butyl rubber because the gas-barrier prop-
erties of regular butyl rubber are maintained, while the
resistance to oxidative degradation is enhanced due to
the saturated polymer backbone.15,16 As a consequence
of the steric constraints associated with the methyl
group packing,17,18 the chain dynamics for polyisobuty-
lene are significantly reduced as compared to other
elastomers. This results in a short proton T2 relaxation
decay time (about 100 µs at room temperature), which
consequently does not allow imaging isobutylene-based
elastomers using the conventional MRI approach. As
such, MRI data of polyisobutylene-based elastomers are
noticeably absent in the literature. Swelling of these
elastomers in an appropriate solvent enhances the
molecular chain mobility and reduces the proton line
width to an extent acceptable for MRI. This allows
visualization of the morphology of well-defined features
such as voids and cross-link density gradients.

In a previous paper,14 it was shown that by swelling
the elastomers in the aprotic solvent CCl4, the proton
signal in the MRI images originates almost exclusively
from the rubber methyl protons. This makes it possible
to acquire selective images of the rubbery phase, which

were demonstrated to be superior toward the visualiza-
tion of the network homogeneity. Swelling in a protic
solvent like cyclohexane, on the other hand, permits to
record selective images of the ingressed solvent, which
are superior toward the visualization of occluded voids.
In a subsequent paper, a statistical void density analysis
was presented by which a strong linear correlation was
demonstrated between the average number of voids per
volume unit and the mechanical performance: the
higher the microvoid density, the more the premature
failure behavior.19

In the present study, proton MRI is used to study the
distribution of the cross-link density in unfilled poly-
isobutylene-based elastomers cured with 1,6-hexameth-
ylenediamine. Local inhomogeneities in cross-link den-
sity might originate from insufficient mixing and thermal
gradients during vulcanization and can have a dramatic
influence on the mechanical properties and final mate-
rial performance. The local cross-link density, which
determines the molecular mobility of the chain seg-
ments, can be visualized on the basis of local variations
in the contrast determined by the proton T2 relaxation
decay time. In the second part of this paper, the local
diversity in cross-link density is correlated with the
diffusion behavior of ingressing cyclohexane.

Experimental Section

Materials. The PIB-PMS/BrPMS terpolymer specimens
(Scheme 1) contain 97-98 mol % PIB and 3-2% PMS of which
0.5-2% is brominated. As such, the molecular chain dynamics
and relaxation properties are quite similar to neat polyisobu-
tylene. The unfilled, 1,6-hexamethylenediamine-cured speci-
mens 1 to 4 are taken from four different batches. The degree
of cross-linking increases from specimen 1 to specimen 4.
Cross-linking occurs by a nucleophilic substitution reaction at
the benzylic carbon by the diamine curative.18

Flory-Rehner Gravimetrical Experiments. Equilibri-
um swelling in cyclohexane was performed at ambient tem-
perature. The bulk number-average molecular weight between
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effective cross-links was derived from the Flory-Rehner
equation:8,20

in which ø is the Flory-Huggins polymer-solvent interaction
parameter, Fr the density of the unswollen rubber, being 0.917
g/cm3, and V0 the molar volume of the swelling solvent, being
108 cm3/mol. The value of Vr, being the volume fraction of
rubber in the swollen vulcanizate, was determined by means
of eq 2:

in which Fs is the solvent density, being 0.779 g/cm3, W∝ the
equilibrium weight of the swollen rubber, and W0 the initial
weight of the unswollen rubber sample. The Flory-Huggins
interaction parameter ø, being concentration dependent, is
obtained from the following power series (eq 3):

with ø0 ) 0.44, ø1 ) -0.083, and ø2 ) 0.068 for the system
PIB-cyclohexane.21

MRI. All MRI images were acquired at room temperature
on a Varian Inova 300 vertical bore spectrometer equipped
with an actively shielded imaging probe having an inner
diameter of 25 mm. To further reduce B1 field inhomogeneities,
a maximum sample diameter of 20 mm was used. Rubber
images were obtained after swelling to equilibrium in CCl4 and
have an in-plane pixel resolution of 100 × 100 µm, a slice
thickness of 2 mm, and a field of view (FOV) of 25 × 25 mm.
For each specimen, the volume-averaged proton T1 relaxation
decay time was determined by fitting the 1-D projection signal
intensity vs a variable repetition delay TR according to eq 4.
The volume-averaged proton T2 relaxation behavior was
obtained by analyzing the intensity of 1-D projections, obtained
as a function of the echo time TE according to the following
biexponential equation (eq 5):

in which M0,s and T2,s represent the fraction and time constant
of the constrained network chains closely around the cross-
links, while M0,l and T2,l represent the fraction and time
constant of the more mobile chains. To determine the local T2

relaxation decay times, rubber images were recorded as a
function of TE (TE values between 7.2 and 200 ms) with a
classical spin-warp pulse sequence22 and a fixed (equilibrium)
repetition delay TR of 1 s. Regions of interest were only
selected in the inner part of the specimens where the B1 field
is highly homogeneous.

Diffusion Kinetics. To study the diffusion kinetics of
cyclohexane ingress, MRI images with a slice thickness of 0.75
mm, a TE ) 16 ms, and a TR ) 0.5 s were recorded as a
function of time. For this purpose, cylindrical samples with a

diameter of 9.5 mm and a height of 2 mm were cut and
immersed in cyclohexane at ambient temperature. A Teflon
stopper was placed on top of the cylinder to avoid longitudinal
solvent ingress. The surrounding free solvent can be easily
differentiated from the ingressed solvent due to its different
T1 decay time (dark gray outer region in Figure 5). During
the polymer swelling, MRI makes it possible to measure the
diffusion distance based on the following equation (eq 6):23

The calculation of the surface of the central unswollen core,
from which the mean core diameter was derived, was per-
formed on a Macintosh computer using the public domain NIH
Image program (developed at the U.S. National Institutes of
Health).

The diffusion kinetics were determined by the time depen-
dency of the diffusion distance according to eq 7:24

in which n theoretically lies between 0.5 for pure Fickian
diffusion and 1.0 for pure case II diffusion. In the case of
Fickian diffusion, the diffusion coefficient D can be determined
by plotting the diffusion distance d as a function of square
root of time according to eq 8:24

Results and Discussion
Determination of the Bulk Cross-Link Density

and Volume-Averaged T2 Decay Times. Although
NMR imaging allows the visualization of inhomogene-
ities at a mesoscopic level (tens of micrometers), its
strength is mainly situated in the ability to probe the
underlying dynamical events at the nanometer level via
relaxometry. As was already demonstrated in a preced-
ing paper, selective MRI images of the rubber proton
spins, obtained after swelling in a nonprotonated sol-
vent, can be employed to visualize the homogeneity of
the cross-link density.14 Regions of low proton signal
intensity correspond to environments in which the
segmental chain dynamics is strongly constrained by
cross-links (short T2 decay time), while regions of high
proton signal intensity correspond to chain segments
in low cross-link density areas (long T2 decay time). A
typical example is presented in Figure 1, showing the
“rubber” images of PIB-PMS/BrPMS elastomers, which
are cured to different cure states, after swelling in CCl4.
This first part of the paper deals with the determination
of the bulk cross-link density of these specimens by
means of the Flory-Rehner method and its correlation
with the volume-averaged T2 relaxation decay times.
This relation forms the basis for the determination of
the spatially dependent cross-link densities.

For the different cure states, the bulk number-
average molecular weight between the effective cross-
links (M n,eff

b ), as determined by gravimetrical Flory-
Rehner experiments in cyclohexane (eqs 1-3), is
presented in Table 1. In Figure 2, a nice inverse linear
correlation (correlation coefficient R ) 0.968) is dem-
onstrated between the bulk M n,eff

b and the torque val-
ues obtained with a mechanical oscillating disk rheom-
eter.10 The higher the cross-link density, resulting in a
higher torque, the lower the number-average molecular
weight between the effective cross-links. These gravi-
metrical results confirm the presence of an appreciable
variation in the bulk cross-link density for the different

Scheme 1. Chemical Structure of the PIB-PMS/
BrPMS Terpolymer
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Mt ) M0[1 - exp(-TR/T1)] (4)

Mt ) M0,s exp(-TE/T2,s) + M0,l exp(-TE/T2,l) (5)

diffusion distance ) original diameter - diameter core
2

(6)

log(diffusion distance) ∼ n log(time) (7)

d ) x2Dxt (8)
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elastomer specimens as was already demonstrated by
the rheological experiments.

Table 2 shows the volume-averaged proton T1 and T2
relaxation decay times after equilibrium swelling in
CCl4. While the T1 decays are monoexponential (eq 4),
the T2 analysis (eq 5) results in a short (T2,s) and a long
decay time (T2,l). The short T2 fraction can be assigned
to the network chain segments that are constrained by
surrounding cross-links and entanglements, while the
long T2 fraction represents mobile network chains, more
remote from the cross-links and entanglements.9,25 The
molar fraction weighted volume-averaged T2 decay time
(T2,mfw) is also presented in Table 2.

From Table 2 it is clear that, in contrast to the
(comparable) T1 decay times, the T2 decay times are
clearly dependent on the degree of cross-linking of the

elastomer. The long component T2,l, as well as T2,s and
T2,mfw decrease with increasing degree of cross-linking.
Indeed, as the efficiency of the T2 relaxation is highly
sensitive to low-frequency motions like these of the
backbone chains, the average chain length between
effective cross-links will strongly impact on the T2 decay
time. The relation between the bulk M n,eff

b and the
volume-averaged T2 decay times is presented in Figure
3: linear correlations are observed between the T2 decay
times (representing the molecular chain mobility) and

Figure 1. MRI rubber images of unfilled PIB-based terpolymers, cured with 1,6-hexamethylenediamine, after equilibrium swelling
in CCl4: (a) specimen 1, (b) specimen 2, (c) specimen 3, and (d) specimen 4. The specimens result from four different batches and
have an increasing degree of cure. The ROI’s indicate the locations used to determine the local relaxation decay times.

Table 1. Gravimetrical Results Obtained for the Unfilled
1,6-Hexamethylenediamine-Cured PIB Terpolymers

(Equilibrium Swelling in C6H12)a

Vr bulk M n,eff
b torque (dN m)

specimen 1 8.45 × 10-2 56 954 4.4
specimen 2 8.75 × 10-2 52 821 9.1
specimen 3 11.95 × 10-2 26 641 14.9
specimen 4 20.58 × 10-2 7 337 28.8

a The cure state enhances from specimen 1 toward specimen 4
as is demonstrated by the torque values of the rheological
experiments.

Figure 2. Bulk number-average molecular weight between
the effective cross-links (M n,eff

b ) as a function of rheometer
torque (R ) correlation coefficient).
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the bulk cross-link density M n,eff
b that can be expressed

by the following equations (the correlation coefficient
R for the curve fitting is indicated)

of which mainly T2,l and T2,mfw are strongly dependent
on the bulk M n,eff

b .
Determination of the Spatially Dependent T2

Decay Times and Cross-Link Densities. These equa-
tions can further be used to trace the localized and
spatially dependent degree of cross-linking. Therefore,
the localized T2 decay times were determined for the
regions of interest (ROI’s) displayed in Figure 1. This
allows deducing the localized molecular weight between
the effective cross-links (M n,eff

l ) for each ROI. Table 3
presents the results based on the spatially dependent,
molar fraction weighted T2 values (T 2,mfw

l ) for the
different rubber specimens.

Specimen 1 (Figure 1a) clearly exposes a very het-
erogeneous network structure as is also illustrated by

a large variation in the localized M n,eff
l (Table 3), indi-

cating an unfavorable mixing. This in strong contrast
to specimen 2, having a rather homogeneous network
structure as is demonstrated by the small variation in
M n,eff

l . This information supports a good, homogeneous
mixing, resulting in a uniform curing. The homogeneity
of mixing of the two remaining elastomers (specimens
3 and 4) is somewhere in between. Table 3 also demon-
strates that the mean value of M n,eff

l closely approa-
ches the values obtained by gravimetry (Table 2).

The complete set of results of the spatially dependent
T2 analysis (decay times and fractions) as a function of
M n,eff

l is graphically displayed in Figure 4. The short
decaying component, T2,s, increases only slightly with
decreasing cross-link density since it represents chain
segments around the cross-links. Its fraction of course
is strongly reduced upon lowering the degree of cross-
linking. The long T2 component (T2,l), as well as its
fraction (M0,l), clearly increase with decreasing cross-
link density.

Solvent Diffusion Experiments. Polymers are in
many different applications exposed to solvents, which

Table 2. Volume-Averaged T1 and T2 Relaxation Decay Times (and Fractions M0,I) of the Unfilled
1,6-Hexamethylenediamine-Cured PIB Terpolymers, Swollen to Equilibrium in CCl4

bulk M n,eff
b T1 (s) T2,s (ms) M0,s (%) T2,l (ms) M0,l (%) T2,mfw (ms)a

specimen 1 56 954 0.18 15.4 32.1 86.3 67.9 63.6
specimen 2 52 821 0.17 15.0 28.4 70.8 71.6 54.9
specimen 3 26 641 0.18 8.8 41.9 48.7 58.1 32.0
specimen 4 7 337 0.17 5.78 65.7 23.8 34.3 12.0

a T2,mfw represents the molar fraction weighted volume-averaged T2 decay time.

Table 3. Spatially Dependent T2 Relaxation Decay Times and Cross-Link Densities (
M n,eff

l ) for the Unfilled 1,6-Hexamethylenediamine-Cured PIB Terpolymers, Swollen to Equilibrium in CCl4 (Mean and
Standard Deviation Are Indicated)

specimen 1 specimen 2 specimen 3 specimen 4

T 2,mfw
l (ms) M n,eff

l T 2,mfw
l (ms) M n,eff

l T 2,mfw
l (ms) M n,eff

l T 2,mfw
l (ms) M n,eff

l

spot 1 99.2 94 839 63.5 58 906 27.1 22 379 13.7 8899
spot 2 62.0 57 462 56.7 52 137 37.7 33 034 11.8 7045
spot 3 71.4 66 917 55.4 50 804 35.6 30 932 14.0 9239
spot 4 90.1 85 640 53.8 49 153 33.9 29 255 13.7 8876
spot 5 58.1 53 557 56.2 51 564 29.1 24 356 12.7 7861
spot 6 63.8 59 210 60.4 55 849 43.0 38 364 10.9 6077
spot 7 58.8 54 179 44.3 39 624 41.2 36 570 13.2 8377
spot 8 37.1 32 375 58.8 54 257 37.1 32 381 11.4 6609
spot 9 60.4 55 796 59.6 55 039 32.1 27 437 12.5 7737
spot 10 46.1 41 504 57.0 52 455 34.0 29 305 12.3 7550
mean ( std dev (%) 60 148 ( 31.0 51 979 ( 9.9 30 401 ( 16.4 7827 ( 13.3

Figure 3. Volume-averaged T2 relaxation decay times as a
function of the bulk cross-link density (M n,eff

b ).

T2,l ) 16.10 + 11.49 × 10-4M n,eff
b (R ) 0.986) (9)

T2,mfw ) 4.83 + 9.95 × 10-4M n,eff
b (R ) 0.997) (10)

T2,s ) 3.96 + 2.02 × 10-4M n,eff
b (R ) 0.996) (11)

Figure 4. Spatially dependent T2 decay times (T2,s: b and
T2,l: 2) and their relative fractions (M0,s: O and M0,l: 4) of the
ROI’s presented in Figure 1 of all four rubber specimens as a
function of M n,eff

l .
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can have a deteriorating effect on their mechanical
properties such as tensile strength and fatigue resis-
tance. Evaluation of the diffusion kinetics for a given
polymer/solvent system can provide important physi-
cochemical information.12 MRI has been established as
an excellent method to monitor the diffusion of pen-
etrants into polymers in a nondestructive and nonin-
vasive manner.26-29 One of the major advantages of
MRI, as compared with weight gain measurements, is
the ability to separate the diffusion process, being a
molecular and hence a specimen-shape-independent
process, from the matrix swelling, being a macroscopic
and hence shape-dependent process. The next part deals
with the use of MRI to study the diffusion kinetics of
cyclohexane into the unfilled PIB terpolymers as a
function of the cross-link density.

Figure 5 presents some solvent MRI images of the
diffusion of cyclohexane in specimen 2 as a function of
ingress time. Two different processes can clearly be
discriminated: solvent penetration into the rod and
polymer matrix swelling. The diffusion front of the
ingressing solvent can easily be distinguished from the
unswollen, inner core. By plotting the logarithm of the
diffusion distance (eq 6) vs the logarithm of time (eq 7),
a Fickian diffusion behavior is observed for all four
specimens (n ≈ 0.5)24 (Table 4). Indeed, since the
diffusion experiments are performed far above the Tg
of polyisobutylene, the polymer is in the rubbery state,
and the solvent ingress is under diffusion control (case
I or Fickian) instead of under chain relaxation control
(case II).30,31 This permits to extract the diffusion
coefficients (eq 8) of which the values are included in
Table 4. The results in Table 4 already indicate a

decreasing ingress rate with increasing cross-link den-
sity.

The sorption behavior of rubbery polymers is con-
trolled by the polymer structure, cross-link density, type
of solvent, and temperature.32 Since all diffusion experi-
ments are performed on the same material (unfilled 1,6-
hexamethylenediamine-cured, PIB terpolymers) at am-
bient temperature and with the same solvent (cyclo-
hexane), the variation in the sorption behavior only
depends on the difference in cure state of the specimens.
Figure 6 shows a plot of the volume-averaged molar
fraction weighted T2 decay time (T2,mfw) vs the diffusion
coefficient D for the different specimens. From Table 4
and Figure 6, it is clear that the diffusion coefficient
increases quasi-linearly with increasing T2,mfw or de-
creasing cure state (correlation coefficient R ) 0.956),
and this linear relation is expressed by eq 12.

This is in agreement with literature, where it is
generally expected that the diffusion coefficient in-
creases approximately linearly with decreasing cross-
link density for noncrystalline polymers.33,34 This even
seems to be the case for rather inhomogeneous specimen
as studied in this paper. On the other hand, the
diffusion coefficient obtained for specimen 1 is somewhat
smaller as was expected on the basis of the volume-
averaged T2,mfw, probably due to the unfavorable mixing
that results in a rather pronounced heterogeneous
network structure (Figure 1, Table 3). The strength of
MRI lies in the possibility to visualize these inhomoge-
neities. Furthermore, the linear relation between the
bulk T2,mfw and the diffusion coefficient (Figure 6 and
eq 12) can also be used to estimate the spatially

Figure 5. MRI images of the diffusion of cyclohexane in
specimen 2 as a function of time: (a) after 45 min, (b) after 6
h 16 min.

Table 4. Diffusion Kinetics Parameters n and D for the
Diffusion of Cyclohexane in the Unfilled,

1,6-Hexamethylenediamine-Cured, PIB Specimens

M n,eff
b T2,mfw (ms)a n D (cm2/s)

specimen 1 56 954 63.56 0.56 5.29 × 10-7

specimen 2 52 821 54.91 0.56 5.54 × 10-7

specimen 3 26 641 31.98 0.52 3.76 × 10-7

specimen 4 7 337 11.95 0.54 2.95 × 10-7

a T2,mfw represents the molar fraction weighted volume-averaged
T2 decay time.

Figure 6. Plot of the volume-averaged molar fraction weighted
T2 relaxation time (T2,mfw) as a function of the diffusion
coefficient D (R ) correlation coefficient).

T2,mfw ) -38.03 + 17.93 × 107D (12)
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dependent values of the diffusion coefficient in inhomo-
geneous specimens based on the local T 2,mfw

l decay
times presented in Table 3 (results not shown).

Conclusions
The results presented in this paper clearly demon-

strate that MRI is a useful technique to study the
homogeneity of mixing and consequently curing of (PIB-
based) elastomers. The importance of homogeneous
mixing procedures with respect to the final mechanical
properties needs no further comment. Combined with
complementary gravimetrical data from macroscopic
swelling experiments (Flory-Rehner), MRI offers de-
tailed information about the dynamical behavior of the
rubber chain segments at the molecular level. Although
NMR imaging allows the visualization of inhomogene-
ities at a mesoscopic level (tens of micrometers), its
strength is mainly situated in the ability to probe the
underlying dynamical events at the nanometer level via
T2 relaxometry. More specific, on the basis of the linear
relation between the bulk T2 decay times and the bulk
degree of cross-linking, the spatially dependent T2 decay
times make it possible to determine the local M n,eff

l in
inhomogeneously mixed (and/or cured) elastomers. MRI
further allows determining the local diffusion coefficient
in such specimens based on the linear relation between
the T2 decay times and the diffusion coefficient.
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(2) Blümich, B.; Blümler, P.; Gasper, L.; Guthausen, A.; Gobbels,

V.; Laukemper-Ostendorf, S.; Unseld, K.; Zimmer, G. Mac-
romol. Symp. 1999, 141, 83.

(3) Koenig, J. L. Rubber Chem. Technol. 2000, 73, 385.
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