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The interactions of silica in zinc-activated, sulfur-vulcanized cis-l,4 polyisoprene were 
characterized at  the 75% cure state using 'H NMR imaging spectroscopy. Variables 
examined included silica loading, mixing conditions, and presence of additives, including 
a coupling agent and polyethylene glycol. Rheometer curves indicated a decrease in cure 
rate and cure state as silica was increased. 'H NMR imaging showed an increase in the 
T2 relaxation times, and a decrease in the proton spin density N ( H )  as the filler load 
increases. Mixing conditions did not affect the cure rate, cure state, or the average T2 
relaxation time; however, the distribution of relaxation times broadened with poor 
mixing. The presence of a coupling agent increased the cure rate and cure state, as well as 
decreased the T, relaxation times as compared with samples with the same silica level, 
but without coupling agent. Polyethylene glycol (PEG) had slightly higher average T2 
relaxation times, and a slightly broader distribution as compared with the sample 
without PEG added. 

Keywords: Vulcanized; silica; NMR imaging; mobility; surface agent; coupling agent; 
plasticizer 

INTRODUCTION 

Silica has been shown to be a useful reinforcing filler in natural rubber 
because of its improvement in a number of performance properties 
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212 C. M. HILL AND J. L. KOENIG 

[ 1 - 81. These advantages include tear strength, abrasion resistance, 
tear resistance, flex, heat resistance, hardness, and improved rolling 
resistance. As a result, silica has found increased usage in the rubber 
industry, including use in products such as shoe soles, engine mounts, 
wire coats, heavy service tires, as well as applications which require the 
use of colored rubber. However, due to its polar nature, silica does not 
mix well with the nonpolar rubber. As a result, coupling agents and 
other additives, such as amines or glycols, have been used with the 
silica to improve the silica-rubber interactions and to counteract the 
detrimental effects due to the adsorption of the curatives [ l ,  2, 5, 6,  

Particle size is an important variable in rubber reinforcement. The 
smallest particles provide the highest tensile, tear strength, and abra- 
sion resistance [2]. Silica in rubber exists as agglomerates, and these 
agglomerate structures are affected by mixing conditions, and those 
materials that react with silanols [2]. Therefore, a poorly-mixed sample 
was studied in this experiment to determine the effect, if any, on the 
vulcanization chemistry. 

Nuclear magnetic resonance imaging (NMRI) spectroscopy has 
been shown to be a useful research technique for both medical and 
non-medical applications [9 - 151. The application of NMRI to solid 
samples has posed problems in the past due to the fact that the 
molecular motions are not rapid enough to reduce dipolar interactions 
and chemical shift anisotropy, both of which cause lower resolution 
and increased line widths. However, elastomeric materials have been 
successfully imaged with the conventional NMRI techniques because 
of the extensive reorientational motions of the molecules which mini- 
mize the above interactions. Swelling of the sample in a deuterated 
solvent is another way to increase the molecular motions and to im- 
prove the resolution in the images obtained. 

When compared with other imaging techniques, NMRI has the 
advantage of being able to map several material parameters for the 
observed nuclei, such as diffusion processes, relaxation times, and spin 
density of the given nuclei. The NMR signal is a function of the local 
spin concentration (spin density), as well as the spin-lattice (Ti) 
relaxation time, and the spin-spin relaxation time (T,) of the nuclei. 
When these relaxation times are different, the particular pulse 
sequence used in the collection of the image can be utilized to exploit 

17- 191. 
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NMR IMAGING STUDY 213 

the differences and, hence, develop contrast in the image. The spin- 
spin relaxation time, T2, is one of the most important parameters 
observable in the NMRI experiment because it is sensitive to the low- 
frequency motions that occur on the molecular level in the polymeric 
samples [lo]. 

The most common pulse sequence used in NMR imaging today is 
the spin-echo pulse sequence [9], which is used to measure the spin- 
spin relaxation (T,) time. In this method, the NMR signal is measured 
at  several different echo times at a given repetition time. The image is 
constructed by acquiring a series of projections that are differentiated 
from each other by a phase difference in the phase-encoding gradient. 
Each projection is created by a 90" pulse, which tips the magnetization 
vector into the xy-plane where it begins dephasing, followed by a 180" 
pulse, which refocuses the magnetization, at which time the data are 
collected. A gradient is applied along the x-axis for frequency en- 
coding, which causes the spins to precess at different frequencies deter- 
mined by their position in the static magnetic field. A gradient along 
the y-axis is applied for phase encoding of the data, and causes the 
spins to dephase at different rates. The gradient applied along the 
z-axis is used for determining the position and thickness of the slice 
that is being imaged. The data are then Fourier transformed in two 
dimensions to produce the image of the sample. The above process is 
repeated many times in order to obtain a sufficient signal-to-noise 
ratio. 

The pixel intensity in the NMR image is determined by the ampli- 
tude of the spin-echo, which is given by the following Eq. (9) 

where N ( H )  is the proton spin density, TR is the repetition time, TE is 
the echo time, TI is the spin-lattice relaxation time, and T2 is the spin- 
spin relaxation time. If the repetition time is greater than the longest 
TI  of the sample, then the exp(-T,/T,) term reduces to zero, leaving 
the signal intensity proportional only to the T2 relaxation parameter 
[91. 
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214 C .  M. HILL AND J. L. KOENIG 

If the sample is assumed to be homogeneous, Eq. (2) can be written as: 

I - K exp( -TE/T2) (3) 

where K is a constant that a proportional to the proton spin density, 
N ( H ) ,  of the sample and the scaling factor for the signal gain in the 
NMR spectrometer. Different echo times are used to determine the 
values for both K and T2. 

In  this study, five spin-echo expcriments were performed for each 
sample for the determination of the Tz relaxation time. Only the echo 
times were changed between each experiment for a given sample. 

The focus of this study was to identify and characterize the effects 
that silica may have on the vulcanization reaction of zinc-activated, 
sulfur-cured cis- 1,4 polyisoprene. Compounds with different levels of 
silica filler, as well as samples with poor mixing, coupling agent, and 
polyethylene glycol, were examined. 

EXPERIMENTAL 

Sample Preparation 

The rubber used in this study is Natsyn 2200, a synthetic high-cis-1,4- 
polyisoprene. Five samples were prepared following a standard wire 
coat formulation with various amounts of silica, but no additives. 
Three other formulations were prepared to investigate the effect of 
mixing conditions, as well as that of additives. One of these contained 
30 phr (parts per hundred parts of rubber) of silica, but was mixed 
poorly. Bis-(3-(Triethoxysilyl)-Propyl) Tetrasulfide, a silane coupling 
agent better known as Si-69 from the Dugussa Corporation, was used 
in another. Polyethylene glycol, PEG, was added in the final sample. 
Table I shows the sample designations, formulations, and processing 
conditions for all the samples used in this study. After being properly 
mixed in a two-stage mixing process involving a Banbury mixer and a 
double-roll mill, samples were first cured using a Monsanto ODR-100 
oscillating disk rheometer at 320°F (160°C) with a special die that 
produced button-like samples, to obtain the characteristic rheometer 
cure curve. Fresh uncured material was then cured in a hydraulic press 
with a pressure of 22,000 pounds (10,000 kilograms) at  320°F (160°C) 
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216 C. M. HILL AND J. L. KOENIG 

for the times corresponding to T75, which is 75% of the rheometer 
torque increase, according to the ODR- 100 rheometer trace. 

The cured rubber was swollen in chloroform for 24 hours, and cut 
using a circular punch to fit a 15 mm sample vial. The samples were 
then vacuum dried for 24 hours to remove the chloroform. Next, a 
Soxhlet extraction was performed in cyclohexane for 24 hours to 
remove all the non-network components. The samples were dried 
again to remove the protonated solvent. They were then transferred to 
a vial and reswollen in deuterated chloroform, CDC13, to equilibrium 
swelling, and stored in the deuterated solvent in a refrigerator at a 
temperature of approximately 5"C, until the imaging experiment was 
to be run. When the imaging experiments were run, the samples were 
removed from the vial, and placed in a 15mm glass NMR tube 
between two Teflon spacers. The sample and the spacers were covered 
with CDC13 to ensure that the rubber remained swollen throughout 
the measurements. 

Nuclear Magnetic Resonance Imaging 

'H NMR images were acquired by a Bruker MSL 300 spectrometer at 
a resonance frequency of 300.13 MHz. A micro-imaging probe was 
used, in which a 15 mm sample vial was selected for the experiments. 
The images are 256 x 256 pixels with a spatial resolution of 55 ym. 
Thirty-two scans per phase-encode step were signal-averaged in pro- 
ducing each image, using a four-cycle phase routine ( X ,  - Y ,  -X, Y )  and 
a recycle delay of 1 second. 

The experiment used a spin-echo method, using a selective 90" pulse 
followed by a broad band 180" pulse for induction of the spin echo. 
Slice selection was performed by the use of a magnetic field gradient 
along the z-axis during the 90" pulse, and was approximately 1 mm. 
Magnetic field gradients were also employed along the x- and y-axes 
for frequency and phase encoding, respectively. The 90" pulse was 
2000 1s  in length, while the 180" pulse was 90 ys in duration. For each 
sample, five experiments were performed where the echo times ( TE)  
were set to 9 ms, 10 ms, 12 ms, 14 ms, and 16 ms. Once the sample was 
placed into the NMR, only the echo time, TE, was altered. All images 
were transferred to a SGIjUNIX workstation, and the data were 
processed using Tripos Image software. 
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NMR IMAGING STUDY 217 

The images for each batch were analyzed by scaling the pixel 
intensities to a common level for each of the samples in the batch. The 
pixels in the largest square area of the rubber region were averaged by 
the software. The average pixel intensity ( I )  from within the swollen 
rubber region was expressed by: 

(1) = ( K )  exP(-TE/(Td) (4) 

where ( K )  is a constant that is proportional to the average proton spin 
density, N ( H ) ,  and T2 is the average T2 relaxation time of the rubber 
region. A plot was made of average pixel intensity versus echo time, 
and fit with the best fit linear line giving the slope, which was inversely 
proportional to the negative of the T2 relaxation time, and the in- 
tercept, which was the natural log of the constant, I(, the proton spin 
density. The T2 relaxation time for each pixel was then calculated by: 

T2 = TE/(Ln(K) - Lnl,) ( 5 )  

where TE is the echo time, and Ip is the intensity of the individual pixel. 
The T2 profile of relaxation times, where frequency (or number of 
pixels) was plotted against T2 relaxation time, was obtained by ap- 
plying Eq. (5) to the 9ms echo time intensity histogram obtained for 
each sample image. 

RESULTS 

Varying Silica Level 

The MONSANTO ODR- 100 recorded rheometer traces where torque 
was plotted against time for each of the varying silica levels. These 
curves can be found in Figure 1A. For the various silica levels, the 
curves were normalized by subtracting the minimum torque from each 
of the other points, to bring the minimum to zero, so that the torque 
effects due to the silica could be removed. These plots are shown in 
Figure 1B. 

'H NMR proton spin images for the swollen, unfilled cis-poly- 
isoprene are shown in Figure 2, and the images for one of the filled 
samples, 30phr silica, is found in Figure 3. Not all of the images that 
were obtained are shown; the images shown are representative of the 
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218 C. M. HILL AND J. L. KOENIG 

0 5 10 15 20 25 30 
Time (min) 

FIGURE IA Monsanto ODR-100 rhcorneter curves for varying silica loading. 
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FIGURE 1B Normalized Monsanto ODR-100 curves for varying silica loading. 

samples examined. The average pixel intensities inside the rubber 
region for all the samples are summarized in Table 11. The color in the 
images is correlated with the mobility of the chains. The brighter the 
color in the image, the higher the signal intensity, which is related to 
higher mobility of the rubber chains. 

The average T2 relaxation times were determined from the images, 
and are summarized for all the samples in Table 111, as well as the 
constant, K ,  which is related to the proton spin density. The 
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T E = 1 2 m s  

Higher 
Mobility 

Lower 
Mobility 

T E = 1 4 m s  T E = 1 6 m s  

FIGURE 2 
Color Plate I). 

'H N M R  images for unfilled cis-polyisoprene at various echo times. (See 

T , = 9 m s  T, = 10 ms T, = 12 ms 

Higher 
Mobility 

Lower 
Mohility 

T E = 1 4 m s  T,= 16 ms 

FIGURE 3 
times. (See Color Plate 11). 

'H NMR images of 30phr silica-filled cis-polyisoprene at various echo 

distribution of T2 relaxation times was calculated, and a plot of 
frequency (or number of pixels with the particular relaxation time) 
versus time was made for each sample, and can be found in Figure 4. 
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220 C. M. HILL AND J. L. KOENIG 

TABLE I1 Average pixel intensities for 'H NMR spin echo imaging experiments 

Sample Average intensity (x 1 04) 
T E =  9ms T E =  lOms T E =  12ms T E =  14ms TE= 16ms 

AK 1 5.17 4.51 3.49 2.88 2.35 
AK 2 5.69 5.21 4.51 3.95 3.50 
AK 3 5.99 5.16 5.14 4.72 4.35 
AK 4 6.91 6.56 5.95 5.39 4.98 
AK 5 6.65 6.58 6.16 5.87 5.36 
AK 6 8.35 7.92 7.10 6.52 6.02 
AK 7 7.48 6.92 5.91 5.17 4.58 
AK 8 7.75 7.38 6.74 6.14 5.73 

TABLE 111 Average T2 relaxation times and proton spin density for varying silica 
loading 

Sample 
~~~ 

Amounf silica Average T, Spin density 
( P W  (mJ) ( x  lo4) 

AK 1 
AK 2 
AK 3 
AK 4 
AK 5 

0 8.94 13.83 
15 15.51 10.44 
30 21.46 9.09 
45 21.19 10.51 
60 32.79 8.86 

70 

60  

50 

4 0  

30  

20 

10 

0 

T, (ms) 

FIGURE 4 T2 relaxation time distribution curves for varying silica loading. 
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Mixing Conditions 

Rheometer curves for the sample with poor mixing were obtained 
from the Monsanto ODR-100, and compared with the sample that 
was well mixed. The mixing conditions did not greatly affect the 
rheometer traces. 

'H images for the poorly-mixed sample are shown in Figure 5. Table 
I1 lists the average pixel intensities for the images. The T2 relaxation 
time distribution for the poorly-mixed sample is shown in comparison 
with the well-mixed sample in Figure 6. The overall T2 relaxation time 
for both is the same; however, the distribution for the sample that was 
poorly mixed is broader than for the sample that was well mixed. 

Additives: Si-69 Coupling Agent 

The rheometer curves for the sample with coupling agent was obtained 
from the Monsanto ODR-100, and compared with the sample without 
coupling agent. The presence of coupling agent decreases the induction 
period and increases the cure rate dramatically, as can be seen by the 

T,=9ms T, = 10 ms T,= 12 ms 

Higher 
Mobility 

Lower 
Mobilily T,=14ms T, = I6 ms 

FIGURE 5 
polyisoprene at various echo times. (See Color Plate 111). 

'H NMR images of poor mixing conditions in 30phr silica-filled cis- 
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4 0  - 

10 - 
0 5 10 15  2 0  2 5  3 0  I 

T,, ms 
5 

FIGURE 6 
conditions. Both have 30phr silica. 

T2 relaxation time distribution curves for samples with different mixing 

TE=9ms  T,= 10 ms 

T, = 14 ms T,=16ms 

T,=12ms 

Higher 
Mobility 

Lower 
Mobility 

FIGURE 7 
at various echo times. (See Color Plate IV). 

'H NMR images of 45 phr silica-filled cis-polyisoprene with coupling agent 

rapid increase in the curve. At the 75% cure state, the sample with the 
coupling agent is at a higher torque, or cure state, than the sample 
without the coupling agent. 

The 'H NMR images are shown in Figure 7 for the sample with 
coupling agent. Table I1 also lists the average pixel intensities for the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
5
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



NMR IMAGING STUDY 223 

images obtained. The T2 relaxation time distribution for the sample 
with coupling agent is shown in Figure 8, where it was plotted with 
the sample with the same silica loading, but no coupling agent. The 
average T2 relaxation time with coupling agent decreased and the 
distribution became more narrow when coupling agent was used. 

Additives: Polyethylene Glycol (PEG) 

The rheometer curve for the sample containing PEG was obtained 
from the Monsanto ODR-100, and compared with the sample without 
PEG. At low cure times, the sample with PEG has a much longer 
induction period, very much like the unfilled sample. However, at 
longer cure times, the rheometer curve follows that of the sample 
without PEG. 

The 'H NMR images are shown in Figure 9 for the sample with 
PEG. Again, Table I1 lists the average pixel intensities for the images. 
Also, the T2 relaxation time distribution graph plotted for the sample 
without PEG is shown in Figure 10. The average T2 relaxation time 
did not change significantly with the addition of PEG but the dis- 
tribution became slightly broader. 

7 0  

6 0  - 
5 0  - 

S 4 0  - 
a 
CT 3 0  - 

2 0  - 
1 0  - 

0 

h 
0 

aJ 

aJ s. 

0 1 0  2 0  3 0  4 0  5 0  
T, (ms) 

FIGURE 8 
agent. Both have 45phr silica. 

T2 relaxation time distribution curves showing effect of adding coupling 
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T,=lOms T,=12ms 

Higher 
Mobility 

Lower 
Mobility 

TE = 16 ms T, = 14 ms 

FIGURE 9 
glycol (PEG) at various echo times. (See Color Plate V). 

'H NMR images of 30 phr silica-filled cis-polyisoprene with polyethylene 
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FIGURE 10 
ethylene glycol (PEG). Both have 30 phr silica. 

T2 relaxation time distribution curves for samples with and without poly- 

DISCUSSION 

Varying Silica Levels 

The rheometer curves show a number of differences when silica is 
added as a filler in natural rubber. Firstly there is a change in the shape 
of the curve as the silica level in increased from 15phr to 30phr, 
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indicating that the curing rate is retarded by the addition of silica. 
There appears to be a change in the slope of the curves after a given 
inflection point. Silica has been shown to adsorb the cure ingredients 
[l]. Therefore, the change in slope of the rheometer curves has been 
attributed to the fact that the silica has adsorbed some of the cure 
ingredients. During the curing procedure, the cure ingredients that had 
been adsorbed must first desorb from the silica surface before they can 
react and cure the rubber. Therefore, the first part of the rheometer 
curve is the reaction of the non-adsorbed material, where the reaction 
is fast. Once the “free” curatives are used up, the remaining curatives 
must desorb from the surface of the silica, and then react to form the 
chemical crosslinks. This desorption process is mush slower; therefore, 
the cure rate is slowed down. This effect produces the change in the 
slope of the rheometer traces. Fourier transform infrared (FTIR) 
spectroscopy measurements support this desorption theory, and the 
results are reported elsewhere [18]. 

Secondly, the initial torque measured by the rheometer increases as 
silica level increases. This occurs because the more silica there is, the 
stiffer the rubber and, therefore, the more resistance to torque that is 
experienced. The curves were normalized by subtracting the minimum 
torque from each of the various points on the curve. This brought the 
minimum to zero. This treatment of the data effectively removes the 
physical reinforcing effects of the silica, and allows for examination of 
the overall cure state of the rubber. As can be seen in Figure lB, there 
is an overall decrease in the maximum torque achieved after 
normalization as silica is increased. This indicates that there are fewer 
crosslinks formed when silica is added, thus indicating that a lower 
cure state exists as more silica is added. This result is supported by 
Wolff who reported that the silica interferes with the vulcanization 
mechanism in sulfur-cure systems, reducing the crosslink yield [ 171, 
and by Hewitt, who states that silica removes the zinc from the 
accelerator complex, thus reducing the cure rate and cure state [2]. 

Finally, there is a reduction in the induction period as more silica is 
added. The differences in the induction period among the five 
formulations is attributed to the differences in the individual thermal 
histories. The heat generated in the system during mixing increases 
with increasing filler content, thereby causing the possibility of some 
vulcanization occurring during the mixing process. Additionally, in the 
review of sulfur vulcanization chemistry by Krejsa and Koenig [I61 it 
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was found that the scorch delay and the vulcanization rate were 
controlled by the accelerator/sulfur ratio. Since silica has been found 
to adsorb the curatives, especially zinc and the accelerator [l], the 
accelerator/sulfur ratio would decrease as more silica was added, due 
to the added adsorption of the accelerator. The end result would be a 
decrease in the scorch delay as more silica is added, as observed in 
these experiments. (Scorch delay is the delayed cure after the maxi- 
mum of the cure rate is achieved.) 

From the imaging studies, it was determined that the average T2 
relaxation times increased as the silica increased, as seen in Figure 4. 
The T2 relaxation times are sensitive to the low frequency motions of 
the polymer chains. Therefore, an increase in the T2 relaxation times 
would indicate more mobility of the polymer chains. From the 
imaging studies, it can be concluded that as silica is increased, the 
average T2 relaxation times increases, indicating more mobile rubber 
chains and, therefore, a lower cure state. 

It was also found that the distribution of T2 relaxation times 
becomes broader as more silica was added. This can be explained by 
the fact that as more silica is added, there is more adsorption of the 
curatives, and more inherent inhomogeneity in the sample. Therefore, 
the distribution of the T2 relaxation components increases. 

Mixing Conditions 

There was very little difference observed between the rheometer traces 
for the poorly-mixed and well-mixed samples. This indicates that 
mixing conditions do not affect the overall cure rate and cure reaction. 

The NMR imaging results indicated that the overall T, relaxation 
time for both samples remained the same. The only difference arose 
when comparing the breadth of the distribution. The poorly-mixed 
sample had a broader T2 relaxation time distribution, indicating less 
homogeniety in the sample. The poorly-mixed silica would form large 
and irregular agglomerates that were not broken up during mixing, 
thus causing less homogeneous samples. The result of this would be a 
broader distribution of T2 relaxation components throughout he 
sample, showing up in the NMR images. 
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Additives: Si-69 Coupling Agent 

Coupling agents are added in order to improve the rubber - silica 
interactions, and to promote better mixing of the silica in the rubber. 
Adding the coupling agent significantly affects the rheometer curves, in 
both shape and time scale. The induction period decreased dramati- 
cally and the cure rate increased significantly when coupling agent was 
added. The shape also changed, as mentioned, which indicates that the 
coupling agent prevents the silica from adsorbing the curatives. The 
cure curve has the typical shape for unfilled isoprene rubber, in which 
there can be no adsorption of the curing agents. As mentioned before, 
the cure curve for the sample without the coupling agent has the 
double slope characteristic of the adsorption of the curatives. 

The imaging results showed that the T2 relaxation time decreased 
when coupling agent was added as compared with the sample without 
coupling agent. This indicates that the mobility of the rubber chains is 
restricted when coupling agent is added, as compared with the sample 
without coupling agent. The restricted motion can be attributed to a 
higher cure state in which the sulfur crosslinks restrict the chain 
motions. A higher cure state may exist due to the fact that the coupling 
agent reacts with the silica preferentially, thus preventing the ad- 
sorption of the curatives, thereby allowing for a normal cure reaction. 
One end of the coupling agent molecule reacts with the polar silica and 
the other end reacts with the non-polar rubber and, as a result, better 
interactions between the silica and the rubber develop, thereby 
restricting the motion of the isoprene chains. 

Additives: Polyethylene Glycol 

The rheometer traces for the sample with PEG added showed an 
increase in the induction period at low cure times. There is also a larger 
region of “free” curatives, before the curve takes on the large change in 
slope, indicating a retarded cure rate. At longer cure times, however, the 
differences between the two curves decreased and the curves became 
very similar. The changes in the early portions of the curves indicate 
that the PEG is coating the surface of the silica and reducing the amount 
of adsorption of the cure agents. However, the fact that the rheometer 
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curve shifts back to the shape of the sample without PEG indicates that 
the PEG did not prevent all of the curatives from being adsorbed. There 
was some adsorption and, therefore, there was some desorption of the 
curatives during the cure, resulting in the slower cure rate. At longer 
cure times, there was very little difference between the two curves. 

The T2 relaxation distribution curves shown in Figure 10 show small 
differences. The imaging samples were at the 75% cure state. As 
mentioned above, at later stages of cure, the samples differed only 
slightly. Therefore, the T2 relaxation distribution times should differ 
only slightly, which was that was observed. The width of the T2 
distribution curve was slightly larger, indicating a sample that was 
slightly less homogeneous than the sample without PEG. 

CONCLUSIONS 

Silica has been shown to retard the cure reaction, and reduce the cure 
state when it is used as a filler in cis-1,4 polyisoprene, without 
additional processing aids like coupling agent or polyethylene glycol. 
The mixing conditions do not seem to affect the cure rate or cure state. 
However, poor mixing results in less homogeneous samples and a 
broader distribution of T2 relaxation times. Coupling agent increased 
the cure rate and the cure state. It also reduced the distribution of T2 
relaxation times throughout the sample, thus indicating a more 
homogeneous sample. Polyethylene glycol (PEG) increased the 
induction period, and reduced the amount of adsorbed curatives at 
an early stage of cure. However, at  longer cure times, the samples were 
the same. PEG also did not significantly affect the T2 relaxation time 
distribution in samples as compared with samples without PEG but 
with the same level of silica filler. 
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