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Abstract
The isochronal mechanical relaxation spectra of lightly cross-linked epoxidized natural rubbers (ENR) were measured at a frequency of
1 Hz and the results analyzed using the empirical Havriliak-Negami
(HN) equation. The HN equation fitted the relaxation spectra very well.
The fitting parameters, (Yand /3, obtained from the data fitting were used to interpret the relationship between molecular motions and structure
of polymers based on the model proposed by Schonhals and Schlosser. Near the glass transition, the molecular motions of ENR in both the
high and low frequency regions were not influenced by the level of cross-linking due to the low cross-linking density. Comparing with the
natural rubber (NR), the epoxide groups of ENR promoted steric interactions and enhanced the inter-molecular cooperative motion. The
activation energy of molecular motions for ENR was larger than observed for NR. The values of a! and o/3 of ENR were less than observed for
NR. According to the model proposed by Schonhals and Schlosser, alp was correlated with the local intra-molecular motions and 01was
correlated with the inter-molecular motions. The results suggest that the epoxide groups broaden the intra- and inter-molecular relaxation
dispersion. 0 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Epoxidized
natural rubber (ENR) is a relatively new rubber material, though the epoxidation of natural rubber (NR)
is not a new idea for transforming natural rubber into a new
material [l]. The epoxidation of natural rubber can be performed by peracid, generated from the reaction of formic
acid and hydrogen peroxide, on the rubber latex [2]. There
are now two commercial forms of epoxidized natural rubber
available, ENR-25 (25 mol% epoxidized)
and ENR-50
(50 mol% epoxidized). The properties of such materials
are gradually changed with increasing degree of epoxidation
131. The air permeability decreases, whereas hysteresis, oil
resistance and wet traction increase with degree of epoxidation. In addition, ENR can undergo strain crystallization [4]
like natural rubber and hence has superior tensile and
fatigue properties. Such a property change is due to the
modification of the chemical structure of natural rubber.
ENR can be regarded as a random copolymer
of 2methyl- 1,Zepoxy- 1,4-butanediyl
and 2-methyl- 1-butenylene. Certainly, such backbone structure modification of a
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polymer has a significant influence on its relaxation behaviour. Except for the chemical structure modification, the
vulcanizate structure of ENR is also different from natural
rubber. In ENR, the cyclic sulfides is not formed. The process of NR vulcanization
with sulfur-accelerator
systems
involves the cross-linking of the polymer chains by monoand/or polysulfide bridges. An interesting side reaction
along with the vulcanization found in NR is that the heterocyclic groups, cyclic sulfides, are formed randomly in the
main chain [5-91. The heterocyclic groups in the main chain
have a profound effect on the relaxation behaviour [ lo- 131.
In ENR, the sites of vulcanization are the same as in natural
rubber [ 14-161: in the methyl and methylene carbons allylic
to the double bond. However, the double bonds may be
isolated, having epoxide groups on either side, or having
one adjacent epoxide group, the latter situation being
twice as frequent as the former in the case of ENR-50. It
was suggested that such a structure inhibited the formation
of the heterocyclic group, cyclic sulfides [14,16]. It is the
purpose of this work to study the structure effect on the
relaxation behaviour near the glass transition of ENR by
comparing it with the relaxation behaviour of natural rubber. At the same time, the level of cross-linking effects on
the relaxation behaviour near the glass transition of ENR
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will be examined. In this work, the dynamic mechanical
relaxation behaviours will be studied based on the model
proposed by Schonhals and Schlosser and the molecular
motions will be correlated
with the structure of the
polymers.

2. Background
Dielectric and mechanical relaxation methods are common probes for the study of molecular motions and structure. In this study, the mechanical relaxation behaviours of
ENR are measured and the discussion is concentrated on the
relationship between molecular motions and structure near
the glass transition temperature.
Empirical functions have commonly been used to analyze
the shape of the dielectric relaxation spectrum. Two of the
most frequently used empirical equations are the HavriliakNegami
(HN) [17] and the Kohlrausch-WilliamsWatts(KWW)
[ 18,191 equations.
Both equations
have
been successfully applied to the study of the relationship
between the structure and relaxation behaviours of natural
rubbers [10,20]. In this work, the analysis strategy for the
mechanical relaxation spectra follows that of a previous
paper [lo]. The HN equations for the complex dielectric
constant, E*, can be written as
5 - %

‘*=‘~3+ [1 + (iwrO)“lp
where E, and E, are the unrelaxed and relaxed values of the
dielectric constants, 7. is the mean relaxation time and w is
the angular frequency. In Eq. (I), (Yand 0 (0 < a! 5 1, 0 <
c@ 5 1) are adjustable fitting parameters. The HN equation
was developed from the equation of single relaxation time
model that was proposed by Debye [21].
It is quite common in dielectric studies to fit the relaxation spectrum with the HN equation. Although this is not so
common for mechanical studies, it has been shown that the
HN equation fits the mechanical relaxation spectrum as well
as the dielectric one, including isochronal scans [ 10,22,23].
For mechanical relaxation, the HN equation is modified as
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temperature:
E, = E; + E;(T - T,)

(24

E,=E;+E;(T-T,)

(2b)

ff = CP + a”(T - T,)

(2c)

P = P” + P”(T - Tp)

(24

where T,, T,, T, and Tb are arbitrarily chosen reference
temperatures, the superscript o indicates the value at an
arbitrarily chosen reference temperature Tp, and the superscript s indicates a linear temperature
coefficient. The
relaxation time, ro, follows either an Arrhenius relation
log rO=AIT+B

(2e)

or the WLF relation
log r. = A/( T - T,) + B

(20

Although the HN equation has been successfully used to fit
the dielectric and mechanical relaxation data, it is still limited in correlating the parameters of the HN equation with
the molecular motions and structure of polymer chains. A
model proposed by Schonhals and Schlosser [24-261 has
been successfully
applied to explain the relationship
between the structure and molecular motion near the glass
transition temperature for natural rubber [lo]. Schiinhals
and Schlosser suggested that the molecular motions of polymer in the glass transition are controlled by both intra- and
inter-molecular
interactions. When one considers the scale
of molecular motion, the model suggests that in the high
frequency region, i.e. WT>> 1, the relaxation is controlled by
the local chain dynamics and in the low frequency region,
i.e. or << 1, the relaxation is controlled by the intermolecular interaction. From Eq. (1) or Eq. (2), the slope
of relaxation loss peak at the high frequency side in the
plot of log(loss peak) versus log(wr) is proportional to the
product - CY&and at the low frequency, the slope is proportional to cr. Therefore, the parameter Q!can be correlated
to the inter-molecular
dynamics and the product c$ can be
correlated to very local intra-molecular
dynamics of the
polymer [27].

Er - 4

E*=E”+ [1 + (iwrO)“lB
where E, and E, are the unrelaxed and relaxed moduli of the
polymer, respectively. Again, 0 < 01 2 1 and 0 < a/3 5 1.
Usually, the parameters (E,, E,, 70, a and 0) of the HN
equation are determined from a single isothermal relaxation
spectrum. However, the relaxation of the polymer is so
broad in the frequency or time domain at most temperatures
that even a very wide ranging (in frequency or time) isothermal measurement covers a small part of the relaxation.
It is necessary to determine parameters from several isothermal relaxation spectra to obtain sufficient information.
Another way to achieve the same results is to regard the
parameters
E,, E,, CY and fl as linear functions
of

3. Experimental

section

The ENR (50 mol% epoxidized, ENR-50), 2-mercapto
benzothiazoles,
2-benzothiazole
disulfide, ZnO, stearic
acid and sulfur were mixed on a two roll mill. Three samples
with different cross-linking
density (ENR-S04, ENR-SO8
and ENR-SlO) were prepared under the same conditions.
The only difference between these samples is the amount
of sulfur in the sample: based on ENR, the amount of sulfur
in each sample is 0.4,O.g and 1 phr for ENR-S04, ENR-SO8
and ENR-SlO, respectively. The recipes for the samples are
listed in Table 1. Vulcanization was carried out by heating
the samples up to 165°C for 10 min. Then the sample was
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Table 1
me recipesfor the samples
Sample

Epoxidized
rubber

natural

100
ENR-SW
100
ENR-SO8
100
ENR-SlO
~DM: 2-benzothiazole disulfide.
$4: 2-mercapto benzothiazoles.

Sulfur

DM”

Mb

zno

Steak

0.4
0.8
I.0

0.2
0.2
0.2

0.1
0.1
0.1

I.0
1.o
1.0

0.5
0.5
0.5

cut into strips (typically 30 X 10 X 3 mm) for the measurement of mechanical relaxation behaviour. The dynamic
mechanical relaxation measurement was carried out in tension using a DMA (TA instrument Co.) with fixed mode
(1 Hz) and 5°C min-‘.
It was noted that conventional
high-sulfur vulcanite of
ENR had a poor aging character [14,16]. On aging, the
sulfur-containing
acids, by-products of the aging process,
induced the ring-opening cross-linking reaction of the epoxide group with the formation of an ether cross-link. To avoid
this, the sulfur content of ENR was suggested to be low [ 161.
The previously reported [ 101 relaxation spectrum of NR04,
whose sulfur content was 0.4 phr, was used for comparison
in this study.

4. Phenomenological

data fitting

In order to correlate the parameters of the HN equation
with the molecular motions and structure of the polymer
chains, curve fitting of the relaxation spectrum was carried
out using a non-linear least-squares optimization of the fit of
the HN equation to both the experimental storage and the
loss moduli
isochronal curves. In this study, the discussion
is concentrated on the glass relaxation. In the glass transition
region, the drop in storage moduli is dramatic, Thus, the
object function for minimization is written as
f = &log
+ &log

acid

5. Results and discussion
Figs 1 and 2 show the isochronal storage and loss moduli
of ENR samples along with the best fit of Eq. (2) (only the
glass transition of the relaxation is shown). They show the
typical relaxation spectrum of lightly cross-linked materials
such as NR. The storage moduli is dropped from -lo9 to
-lo6 Pa in the glass transition region. The glass transition
temperatures are - 3.63, - 0.66 and - 0.21”C for ENRS04, ENR-SOS and ENR-SlO, respectively.
The glass
transition temperature of sulfur-vulcanized
ENR is about
50 K higher than the glass transition
temperature
of
sulfur-vulcanized
natural rubber reported in a previous
paper [lo]. This result is very consistent with the result
reported by Brydson [28], who mentioned that the glass
transition temperature of ENR was increased by approximately 1 K per mole% epoxidized. Since the level of crosslinking is very low, the relative high glass transition
temperature of ENR is due to the steric interference caused
by the epoxide groups. The increase in glass transition temperature with increasing sulfur content for ENR is much less
than that observed for NR. According to McCrum [7], a
major factor in the increase of the glass transition temperature for sulfur-vulcanized
NR is the formation of hetrocyclic
2.007

E’,,r(i) - log E’,,,(i))2
E”,,,(i) - log E”,,,(i))*

where E’ and E” are the storage and loss moduli, the subscripts ‘Cal’ and ‘exp’ indicate the calculated value from
Eq. (2) and the experimental value of the storage and loss
moduli, respectively. The object function ignores the connection between E’ and E’ occasioned by a KramersKronig-like relation. Minimization
of the object function
was carried out using Marquardt’s method.
Since the fitting process is an iterative one, an initial
guess for the parameters must be prepared. There are 10
Parameters, $, Ei, EF, Es, cd’, as, @‘, p”, A, B, for the
glass transition to be determined from curve fitting of the
relaxation spectrum. Since there are around 300 experimental
data points for an isochronal relaxation spectrum, the determination of parameters usually proceeds satisfactorily. There is
no constraint on the parameters during the curve fitting.
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Fig. 1. Isochronal plot of the storage moduli measured for (a) ENR-SO4 (0),
(b) ENR-SO8 (0) and (c) ENR-SlO (A). The solid curve is the best fit of
Eq. (2). For clarity of plotting, the log E’ curves for ENR-SO8 and ENR-SlO
were displaced upward by 0.5 and 1.O, respectively.
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Fig. 2. Isochronal plot of the loss moduli measured for (a) ENR-SO4 (0).
(b) ENR-SO8 (0) and(c) ENR-SlO (A). The solid curve is the best fit of Eq.
(2). For clarity of plotting, the log E” curves for ENR-SO8 and ENR-SlO
were displaced upward by 0.5 and 1.0, respectively.

groups in the main chain. The formation of heterocyclic
groups requires a neighbouring double bond. Since double
bonds in the randomly epoxidized ENR-50 are isolated, the
formation
of intra-molecular
sulfide links is inhibited
[14,16]. Therefore, the increase in glass transition temperature with increasing sulfur content in ENR is due to the level
of cross-linking.
Certainly, the increase in glass transition
temperature of ENR-50 is much less than that observed for
NR. In Fig. 3, a normalized loss modulus (E/E”,,,)
versus
log(r,,,/r)
of samples is shown. The relaxation time r was
back-calculated
from phenomenological
data fitting using
Eq. (2f). The subscript ‘max’ indicates the peak value of
the loss modulus curve. As shown in Fig. 3, the normalized

Fig. 3. Normalized loss moduli (E”IE’,,)
W~SUSlog(r/r,,,)
SO4 (0), (b) ENRS08 (0) and (c) ENR-SlO (A).

of (a) ENR-

Fig. 4. Normalized loss moduli (I?‘/,?,,,)
SO4 (0) and (b) NR04 (0).

versus log(r/r,,,)

of (a) ENR-

loss modulus curves of the samples are quite similar. Since
the level of cross-link is very low, the relaxation behaviour
of ENR near the glass transition temperature is not changed
very much by the different levels of cross-linking. Similar
results were reported by Glatz-Reichenbach
et al. in styrenebutyl acrylate system [27]. Fig. 4 shows a comparison of the
normalized loss modulus between ENR-SO4 and NR04. It is
shown that NR04 has a larger low temperature (high frequency) ‘tail’ of the loss modulus curves. In a previous
paper [lo], the high frequency ‘tail’ of the normalized
loss modulus curves decreases with increasing sulfur in
the NR system. Furthermore, there is no significant difference of normalized loss modulus in the high temperature
(low frequency) region.
In order to quantify the relaxation characteristics,
the
parameters in Eq. (2) were determined by fitting to the
experimental
data. The results are shown in Table 2. As
shown in Figs 1 and 2, the fitting is very well as expected.
For polymers with different chemical and physical structures, the intra- and inter-molecular
interactions are different. Furthermore, the molecular motions of the polymer in
the glass transition are controlled by both intra- and intermolecular interactions. The intra- and inter-molecular interactions inhibit conformational
transformation
and retard
relaxation. Thus, the structure effect on relaxation behaviours can be examined by observing the relaxation time of
molecular motions. For different polymers, the glass transition occurred in different temperature regions. A normalization scheme must be invoked to allow for comparisons
among different polymers of the effect of temperature on the
relaxation time. Recently, Angel1 [29] suggested a normalization scheme to study this effect. The relaxation time, T, is
plotted as a function of temperature normalized by the glass
transition temperature. Such a normalization
scheme has
recently been successfully
utilized in polymers [ 10,201.

W.B. LiadPolymer

40 (1999) 599-605

603

The relaxation time of the sample was back-calculated using
Eq. (2f) from the relaxation spectrum fitting. Then, the
relaxation time was plotted as a function of temperature
normalized by the glass transition temperature measured
by the dynamic relaxation experiment.
The results are
shown in Fig. 5. As shown in Fig. 5, the relaxation time is
not changed at all with increasing concentration of sulfur in
the ENR system. This result reconfirms that the relaxation
behaviour is not influenced by the level of sulfur due to the
low cross-linking
density. In a previous paper [lo], the
relaxation
time of NR is increased
with increasing
concentration of sulfur in the low temperature region and
no significant difference in the high temperature region.
This can be explained
by the difference in structure
among the samples. On a relative scale, in the high temperature region the molecular motions are expected to be large
scale and inter-molecularly
cooperative in nature. On the
other hand, in the low temperature region the molecular
motions would be expected to be small scale and very
local in nature. According to Glatz-Reichenbach
et al.
[27], in the styrene-butyl
acrylate system, the cross-link
points would not result in much change of molecular
motions when the concentration
of the cross-link agent is
less than 1 wt%. In a previous paper [lo], the concentration
of sulfur in the NR system is so much less (less than 1 phr)
that the average length of segment between cross-link points
is higher than the average length of segment involved in the
glass transition process [S]. It is expected that no effect of
cross-linker on the molecular motions of NR will be seen.
However, the formation of heterocyclic groups along the
NR backbone does increase the energy barrier of intrachain molecular motions resulting in an increase of relaxation time in the low temperature region. In this study, the
concentration of sulfur in the ENR system is still less than
1% phr. No cross-linking effect on the molecular motion of
ENR is expected. Also, the formation of heterocyclic groups
in the ENR backbone is inhibited due to the isolated double
bonds as mentioned in the Introduction. Thus, it is expected
that the relaxation time of ENR will not be changed at all. In
Fig. 5 it is also shown that the relaxation time of ENR has a
stronger temperature
dependence
than is observed for
NR04. This is consistent with the results reported by Roland
[20]. The temperature dependency of the relaxation time is
related to the activation energy of molecular motions and
can be calculated from H = 2.303ZLW2/(T - Tm)2. In Fig. 6,
the activation energy is plotted as the function of normalized
temperature, TIT,. It shows that the activation energy of
ENR is higher than that observed for NR04. Although no
heterocyclic groups are formed in ENR during vulcanization, the epoxide groups just as the heterocyclic groups in
NR increase the energy barrier of molecular motions.
Furthermore, the concentration of epoxide groups in ENR
is much larger than the concentration of heterocyclic groups
in NR. Also, it was shown in a previous paper [lo] that the
activation energy for molecular motions of NR increased
with increasing concentration of sulfur, i.e. the concentration
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curve with
with longer
the ENR-S

relaxation time versus T,-normalized temperature. The dashed
shorter segments represents the ENR-S04. The dashed curve
segments represents the ENR-S08. The solid curve represents
10. Filled symbol (0) represents the NR04.

of heterocyclic groups. Therefore, it is consistent that the
molecular motions of ENR have higher activation energy.
The parameters, a! and /3, are back-calculated
using Eq.
(2~) and Eq. (2d) from the data fitting. They are not only
affected by the structure of the polymer but also by the
temperature. Therefore, some normalization
scheme must
be invoked to allow for comparisons among different polymers of the effect of temperature on Q! and /3. The normalized temperature
will be defined as T - Tg and the
parameters are plotted versus the normalized temperature.
In Fig. 7, the values of o/3 are plotted as a function of T Tg. According to the dynamic model proposed by Schonhals
and Schlosser [24-261, in the high frequency (low temperature) region, the loss dielectric constants, E”(O) can be
scaled as

i I’,
0.80’

11 I

1’1,
0.90

I I?,,

I, /I /, I I I / I I I I ~1

1.00

I.'10

1.20

T/Tg
Fig. 6. The activation energy of relaxation versus T,-normalized temperature. The dashed curve with shorter segments represents the ENR-S04. The
dashed curve with longer segments represents the ENR-S08. The solid
curve represents the ENR-SlO. Filled symbol (0) represents the NR04.

heterocyclic groups in NR results in broader dispersions
of relaxation time [lo], the effect is not as strong as that
by epoxide groups due to a much lower concentration
of
heterocyclic groups. In Fig. 8, the values of (Ywere plotted
as a function of T - Tg. According to the dynamic model
proposed by Schonhals and Schlosser [18], in the low frequency (high temperature) region the loss dielectric constants, E”(W), can be scaled as
F”(0) x (W)m
where m = a in this study. In the low frequency (high
temperature) region the molecular motions are expected to
1.00J

8”(W) 01(or) _a
where n = afi in this study. In the high frequency (low
temperature)
region, the molecular
motions would be
expected to be intra-chain and very local in nature. It is
not unexpected that the values of the product a/3 are about
the same for ENR-S04, ENR-SO8 and ENR-SlO (Fig. 7).
Obviously, the level of cross-linking is so low that there is
no effect on the local molecular motions. This is the same as
the result reported by Glatz-Reichenbach
et al. [27]. GlatzReichenbach reported that in the styrene-butyl acrylate system, the values of the product CY/?were not changed at all in
the low level of cross-linking. As shown in Fig. 7, the values
of the product (~6 in the ENR system are less than those
observed for NR04. It was suggested that in the low temperature region, the distribution of the relaxation time of
ENR might exhibit broader dispersions due to the heterogeneous
chain structure.
Although
the formation
of
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Fig. 7. The fitting parameters C$ versus temperature. The dashed curve with
shorter segments represents the ENR-S04. The dashed curve with longer
segments represents the ENR-S08. The solid curve represents the ENRSlO. Filled symbol (0) represents the NR04.
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On the basis of the model proposed by Schonhals and
Schlosser, the epoxide groups will influence the relaxation
of both the low and high frequency regions. Due to the steric
interactions
promoted by the epoxide groups and the
enhancement
of inter-molecular
cooperative
motions,
ENR has a larger activation energy of molecular motions.
From the analysis of parameters 01 and (Y@,it is shown that
epoxide groups will broaden the distribution of the relaxation time not only for the low frequency but also for the high
frequency region.
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Fig. 8. The fitting parameters QIversus temperature. The dashed curve with
shorter segments represents the ENR-S04. The dashed curve with longer
segments represents the ENR-SOB. The solid curve represents the ENRSlO. Filled symbol (0) represents the NR04.

be inter-chain and large-scale motions in nature. Again, in
the high temperature region, the difference of CYfor ENR
samples is not significant (the magnitude of CYis not the
same as CYU~).
This is consistent with the idea that the
molecular motions in both the low and high temperature
regions are not affected by the low level of sulfur concentration in the ENR system. The result is the same as the
styrene-butyl
acrylate
system
reported
by
GlatzReichenbach. The level of sulfur is too low to have a significant effect on the large scale motions. However, the
values of (Yin the ENR system are less than those observed
for NR04. Again, this suggests that the epoxide groups of
ENR will amplify the degree of inter-molecular cooperation
of motions and broaden the dispersion of relaxation time.

6. Conclusions
We have investigated the sulfur-concentration
effect on
the molecular dynamics of ENR polymers. Also, the relaxation behaviours of ENR and NR are compared to understand
the structure effect on molecular motions.
The results show that the HN equation could describe the
relaxation spectra very well. Contrary to the NR system, the
relaxation time, activation energy, (Y,and (~/3of ENR are not
significantly influenced by an increasing concentration
of
sulfur. This suggests that such a low level of cross-linking
will not affect the molecular motions in either the low or
high frequency regions. The reason for the different sulfur
effect on the relaxation behaviours of ENR and NR is that
there is no heterocyclic group formed in ENR during the
vulcanization.
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